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9 Abstract 
Abstract 
 
Plant hormones play a crucial role in controlling plant growth and development. These 
groups of naturally occurring substances trigger physiological processes at very low 
concentrations, which require sensitive techniques for their quantitation.  
This study reports on the development of newly synthesized polymers for the purification 
of 2-(1H-indol-3-yl)acetic acid (3-IAA), from complex raw matrices, such as plant 
extracts.  The main purpose was to synthesize a molecularly imprinted polymer specific 
for 3-IAA.  Thus, 3-IAA was determined by high-performance liquid chromatography 
(HPLC) with diode array (DAD) and fluorescence detection (FD).   
The purification method was compared with traditional methods (C18 and HLB Solid 
Phase Extraction, SPE, methods, combined or not with liquid-liquid extraction method). 
The synthesis in acetonitrile was successful for the production of a MIP (named MIP-1) 
that was able to rebind 51 ± 3% 3-IAA and to release in methanol more than 80%.  The 
MIP-1 calibration curve for 3-IAA in plant samples was linear in the investigated range 
2.00-20.00 ng/g with R
2
 = 0.99.  The LOD for 3-IAA was 0.65 ± 0.07 ng/g and the LOQ 
was 2.89 ± 0.08 ng/g (n=3, LF=95%). 
However, the results showed that a good purification occurred also using a non imprinted 
polymer (named NIP-3), synthesized in methanol during the optimization of the operating 
conditions for the synthesis. The NIP-3 was able to rebind 93 ± 3% 3-IAA and to release 
in methanol more than 70%.  The NIP-3 calibration curve for 3-IAA in plant sample was 
linear in the investigated range 2.00-40.00 ng/g with R
2
 = 0.99.  The LOD for 3-IAA was 
0.50 ± 0.08 ng/g and the LOQ was 2.64 ± 0.09 ng/g (n=3, LF=95%). 
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11 Introduction and aim of the thesis 
Introduction and aim of the thesis 
 
Plant hormones, a group of naturally occurring substances, play numerous important plant 
physiological roles and they are mediators of endogenous processes to regulate plant 
growth and defense against pathogens
[1-3]
, such as cell division, enlargement and 
differentiation, organ formation, seed dormancy and germination
[5]
, expression of 
phytoalexins and PR (pathogenesis related) proteins
[4]
, organ senescence and  
abscission
[5-7]
.  They are often synthesized in pants at trace and ultra-trace levels. 
For scientific purposes and applications it is necessary to develop simple and effective 
methods to isolate, purify and detect plant hormones in plant tissues. Until now, several 
methods have been developed for the determination of plant hormones in various plant 
matrices, including high performance liquid chromatography (HPLC)
[8, 9]
, liquid 
chromatography-mass spectrometry (LC-MS)
[10]
, gas chromatography-mass spectrometry 
(GC-MS)
[11]
 and capillary electrophoresis (CE)
[12]
. Since plant hormones are typically 
present and active in trace levels in various plant tissues, the sample pre-treatment process 
(isolation of plant hormones from plants) is the most critical and time-consuming step.  
Among the recently developed pre-treatment methods, dispersive liquid– liquid 
microextraction (DLLME)
[13]
 and solid-phase microextraction (SPME)
[14]
 perform with 
high enrichment ability and low organic solvent consumption, but they suffer from low 
recovery and reproducibility. Solid phase extraction (SPE) is recognized as the most 
common pre-treatment technique for the isolation of plant hormones in various plant 
matrices
[15, 16]
. However, the commercial sorbents are usually silica and bonded silica 
such as C8 and C18, which suffer from the non-specific selectivity in isolating plant 
hormones from plants.  
Molecularly imprinted polymers (MIPs) are polymers that mimic the properties of 
antibodies and they are suitably synthesized in order to create in the polymer matrix 
three-dimensional shape, specific recognition sites for the analytes. Due to their special 
molecular recognition ability, MIPs have been shown to have promising applications in 
many fields, such as chiral separation
[17]
, catalysis
[18, 19]
 chemical/biological sensors
[20]
, 
and extraction sorbents
[21-23]
.  Recently, MIPs coupled with SPE had been widely applied 
in drugs
[24]
, poison 
[25]
, food
[26] 
and environment analysis
[27]
. Molecularly imprinted solid-
phase extraction (MISPE) combines the advantages of both molecular recognition and 
traditional SPE methods to present higher affinity, selectivity and sensitivity.  
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In this work we development new polymers for the purification of 3-IAA, from complex 
raw matrices, such as plant extracts.  The main purpose was to synthesize a molecularly 
imprinted polymer specific for 3-IAA.  Thus, 3-IAA was determined by high-
performance liquid chromatography (HPLC) with diode array (DAD) and fluorescence 
detection (FD), an instrumentation unsophisticated and inexpensive, in alternative to high 
cost mass spectrometric techniques. 
In the first phase of this study, we attempted to develop and optimize purification 
methods, using traditional treatments like SPE (C18 and HLB cartridges), Dowex-
50WX8 hydrogen form resin and liquid-liquid extraction, for the simultaneous 
determination of several phytohormones (2-(1H-indol-3-yl)acetic acid [3-IAA], indol 3-
acetic acid-aspartate [3-IAA-Asp], indole 3-butyrric acid [IBA], 6-benzylaminopurine 
[BAP], abscisic acid [ABA], salicylic acid [SA], benzoic acid [BA] and 1-
naphthalenacetic acid [NAA]) by HPLC-DAD/FD.   
In the second part of this work, we focused on the synthesis of non-covalent imprinted 
MIPs/NIP, using different operating conditions and solvents for the specific purification 
of 3-IAA.  In particular, three preparations were performed in three different operating 
conditions (acetonitrile with [named MIP-2] or without prepolimerization mixture [named 
MIP-1] and methanol [named MIP-3 and NIP-3]) in order to attempt to optimize the 
number of specific binding cavities, by improving the interaction between the functional 
monomer and the template.  On the basis of literature data
[28]
 the best synthesis should be 
performed in an aprotic, solvent, like toluene, because the interaction between the 
monomer and the template is driven by hydrogen bonds and the solvent should not 
interfere with this.  However it was avoided for safety reasons.  The pre-polymerization 
was attempted in order to improve the interaction between monomer and template. 
Methanol was used instead of acetonitrile in order to improve the solubility of the 
monomer-template mixture.  In the case of the synthesis in methanol (MIP-3) this was 
performed also in the absence of the template in order to obtain a non-imprinted polymer 
(NIP-3).  The NIP allowed us to evaluate the aspecific binding interactions, which are 
very common when we use the MIP synthesized in a non-covalent imprinted mode
[29]
.   
The MIP-1, MIP-2, MIP-3 and NIP-3 were employed for rebinding and releasing tests 
with 3-IAA standard solutions.  MIP-1, MIP-3 and NIP-3 were also applied to the 
purification of 3-IAA in plant extracts.   
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Chapter 1 – State of the art 
 
1.1 The plant hormones: their nature and functions 
 
Plant hormones are a group of naturally occurring, organic substances which influence 
physiological processes at low concentrations. The processes influenced consist mainly of 
growth, differentiation, development, defense against pathogens
[3]
, expression of 
phytoalexins and PR (pathogenesis related) proteins
[4]
 and stomatal movement.
  
Went and Thimann
[30]
 in 1937 define a hormone as a substance which is transferred from 
one part of an organism to another. Its original use in plant physiology was derived from 
the mammalian concept of a hormone. This involves a localized site of synthesis, 
transport in the bloodstream to a target tissue, and the control of a physiological response 
in the target tissue via the concentration of the hormone. 3-IAA, the first-identified plant 
hormone, produces a growth response at a distance from its site of synthesis, and thus fits 
the definition of a transported chemical messenger.  
It is now clear that plant hormones do not fulfill the requirements of a hormone in the 
mammalian sense. The synthesis of plant hormones may be localized, but it may also 
occur in a wide range of tissues, or cells within tissues. While they may be transported 
and have their action at a distance this is not always the case. At one extreme we find the 
transport of cyotokinins from roots to leaves where they prevent senescence and maintain 
metabolic activity, while at the other extreme the production of the gas ethylene may 
bring about changes within the same tissue, or within the same cell, where it is 
synthesized. Thus, transport is not an essential property of a plant hormone.  
Went
[28]
, in the Netherlands, was finally able to isolate the 3-IAA by diffusion from 
coleoptile tips into agar blocks, which, when replaced on the tips of decapitated 
coleoptiles, resulted in the stimulation of the growth of the decapitated coleoptiles, and 
their bending when placed asymmetrically on these tips. 
This thus demonstrated the existence of a growth promoting chemical that was 
synthesized in the coleoptile tips, moved basipetally, and when distributed 
asymmetrically resulted in a bending of the coleoptile away from the side with the higher 
concentration. This substance was originally named Wuchsstoff by Went
[28]
, and later this 
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was changed to auxin. After some false identifications the material was finally identified 
as the simple compound indoleacetic acid, universally known as 3-IAA
[31]
. 
Other lines of investigation led to the discovery of the other hormones: research in plant 
pathogenesis led to gibberellins (GA); efforts to culture tissues led to cytokinins (CK); the 
control of abscission and dormancy led to abscisic acid (ABA); and the effects of 
illuminating gas and smoke led to ethylene. 
Afterwards other compounds, namely brassinosteroids, jasmonates (including tuberonic 
acid), salicylic acid, and the peptides have been added to the list of plant hormones
[32]
. 
Polyamines, which are essential compounds for all life forms and important in DNA 
structure, have also been categorized as plant hormones as they can modulate growth and 
development, though typically their levels are higher than the other plant hormones
[33]
. 
However, little further understanding of their exact function in plants at the cellular and 
molecular levels has been added in the last few years. 
3-IAA is the main auxin in most plants and it has since been implicated in virtually all 
aspects of plant growth and development
[34, 35]
. 
3-IAA effects on
[36]
:  
 Cell enlargement - auxin stimulates cell enlargement and stem growth 
 Cell division - auxin stimulates cell division in the cambium and, in combination 
with cytokinin, in tissue culture  
  Vascular tissue differentiation - auxin stimulates differentiation of phloem and 
xylem  
  Root initiation - auxin stimulates root initiation on stem cuttings, and also the 
development of branch roots and the differentiation of roots in tissue culture  
  Tropistic responses - auxin mediates the tropistic (bending) response of shoots 
and roots to gravity and light 
  Apical dominance - the auxin supply from the apical bud represses the growth of 
lateral buds 
  Leaf senescence - auxin delays leaf senescence. 
  Leaf and fruit abscission - auxin may inhibit or promote (via ethylene) leaf and 
fruit abscission depending on the timing and position of the source  
  Fruit setting and growth - auxin induces these processes in some fruit 
  Assimilate partitioning - assimilate movement is enhanced towards an auxin 
source possibly by an effect on phloem transport 
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  Fruit ripening - auxin delays ripening 
  Flowering - auxin promotes flowering in Bromeliads  
  Growth of flower parts - stimulated by auxin  
  Promotes femaleness in dioecious flowers (via ethylene)  
 
1.2 Auxin Biosynthesis and Metabolism 
 
Auxins function at the intersection between environmental and developmental cues and 
the response pathways that they trigger (Figure 1.1). 
 
 
Figure 1.1 Auxin homeostasis, the maintenance of an 3-IAA level in the plant cell that is optimal 
for growth and development, is dependent on abiotic and biotic sources that impinge on the 
system. Some of the intricate regulatory networks have evolved with considerable redundancy 
and adaptive plasticity to maintain optimail auxin levels in response to changing environmental 
and developmental conditions. 
 
3-IAA levels vary dramatically throughout the body and life of the plant, forming 
gradients that are a central component of its action
[37-40]
. 
Accordingly, plants have evolved intricate regulatory networks with considerable 
redundancy and adaptive plasticity to maintain 3-IAA levels in response to changing 
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environmental and developmental conditions. We refer to this phenomenon as auxin 
homeostasis; specifically the biosynthesis, inactivation, transport, and inter-conversion 
pathways that regulate and maintain auxin levels.  
The study of auxin homeostasis is aimed at understanding the mechanisms by which 
plants manage to have the hormone available in the required amount at the right time and 
place, and at determining how the developmental and environmental signals impact these 
processes. A combination of molecular genetic and analytical approaches in the past ten 
years has resulted in an increased understanding of auxin homeostasis; primarily that it 
involves a highly interactive network of redundant pathways, the complexity of which are 
only beginning to be discerned. 
 
 
1.2.1 Chemical Forms of Auxins in Plants 
 
Auxins are defined as organic substances that promote cell elongation growth when 
applied in low concentrations to plant tissue segments in a bioassay. In addition to the 
most often studied auxin, 3-IAA, there are several other native auxins that have been 
reported to occur in plants. All natural auxins are found in plants as the free acid and in 
conjugated forms (Figure 1.2). 
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Figure 1.2 Naturally occurring auxins and some examples of the lower molecular weight 
conjugates found in plants. Related low molecular weight conjugates (such as IAA-Inosarabinose, 
and conjugates with several other aminoacids) and higher molecular weight conjugates (such as 
the IAA protein IAP1, IAApeptides, IAA glycoprotein, and IAA-glucans) have also been isolated 
from plant materials. 
 
The halogenated derivative 4-Cl-IAA has been found in peas, several other members of 
the Fabaceae and in seeds of pine
[41]
. In many biological tests, 4-Cl-IAA is more active 
than 3-IAA; for example, it has approximately 10 times the activity of 3-IAA on oat 
coleoptile elongation
[42]
. 
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3-IAA and its proposed precursors undergo metabolic conversions to indole-3-lactic acid, 
indole-3-ethanol and indole-3-butyric acid (IBA)
[43]
. IBA has been used commercially for 
plant propagation for decades because of its efficacy in the stimulation of adventitious 
roots
[44]
. The observation that IBA is more efficient than 3-IAA at inducing rooting may 
be partially explained by the observation that IBA is more stable than 3-IAA against in 
vivo catabolism and inactivation by conjugation
[45]
. IBA was definitively shown to occur 
naturally in plants in 1989
[46]
. Feeding studies and analysis of metabolic mutants show 
that plants are able to convert IBA to 3-IAA by a mechanism that parallels fatty acid β-
oxidation and to convert 3-IAA to IBA
[45]
. It is still not clear whether IBA is an auxin per 
se, or a precursor to 3-IAA.  
In most tissues, the majority of the auxin is found conjugated to a variety of sugars, sugar 
alcohols, amino acids and proteins
[41]
 (Figure 1.2) through carbon-oxygen-carbon bridges 
or carbon-nitrogen-carbon amide bonds (referred to as "amide-linked"), as in the 3-IAA-
aminoacid and protein and peptide conjugates (Figure 1.2). 3-IAA conjugates have been 
identified in all plant species examined for them
[47]
.  
The search for a simple structure-activity correlation model valid for 3-IAA and a series 
of alkylated and halogenated derivatives has not defined a simple or straightforward 
relationship, although detailed analysis of their structural parameters and their physico-
chemical properties has evolved our concepts of activity/structural determinants
[48]
. 
Contrary to expectations, a simple relationship based on the relative lipophilicity of the 
compounds does not account for differences in biological activity nor does weak π-
complexing ability or reduced indole ring (NH) acidity. These factors had been suggested 
to explain the differences in auxin activity. The ability of modified structures to function 
as active auxins may be defined by the relationship between the acidic side chain and 
unspecified properties of the ring system
[48]
. 
 
1.3 3-IAA homeostasis pathways 
 
Biochemical pathways that result in 3-IAA production within a plant tissue are illustrated 
in Figure 1.3
[36]
. They include: (A) de novo synthesis, whether from tryptophan (referred 
to as Trp-dependent (Trp-D) 3-IAA synthesis), or from indolic precursors of Trp (referred 
to as Trp-independent (Trp-I) 3-IAA synthesis, since these pathways bypass Trp);         
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(B) hydrolysis of both amideand ester-linked 3-IAA conjugates; (C) transport from one 
site in the plant to another site; and (D) conversion of IBA to 3-IAA. 3-IAA turnover 
mechanisms include: (E) oxidative catabolism; (F) conjugate synthesis; (G) transport 
away from a given site; and (H) conversion of 3-IAA to IBA. This model for inputs and 
outputs to the 3-IAA pool has remained essentially the same for the past twenty years
[49]
. 
 
 
 
Figure 1.3 A diagram of our current understanding of metabolic and signaling interactions shows 
the major interactions discussed.  
 
There still remain a number of gaps in our understanding of the complete pathways and 
broader interactions between auxin regulation and other signaling networks, but 
hypotheses generated from the interactions shown should serve as a guide to future 
research efforts. 
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1.4 State of the art in phytohormones analysis 
 
Since the discovery of phytohormones, great efforts have been invested in the 
determination of hormone levels in various kinds of plants.  
Bioassays are a classical method for hormone analysis and were first used in the 
determination of auxins in 1928
[50]
. Because of tedious sample preparation, low 
specificity and poor repeatability, the application of bioassays has attracted little attention 
in recent years. Immunoassays
[51]
 have also been employed for phytohormone 
determination, considering that the specificity of assays is favorable. However, the 
presence of cross reactions and the long period of antibody preparation limit their further 
application. In addition, the specific antibody is not suitable for the simultaneous 
detection of multiple plant hormones in different classes. Chromatographic methods, 
especially when coupled with MS, have shown good separation and qualitative abilities 
and have become powerful tools for the detection of hormone contents from complex 
plant samples. These studies started from the analysis of one compound
[52]
 or one 
specified class
[53]
 and gradually extended to two or more classes of phytohormones, some 
of which even comprised the quantification of related metabolites
[54]
.  
 
1.4.1 Sample preparation 
 
Phytohormones are difficult to analyze not only because they exist in trace amounts but 
also because some more abundant substances present in plant tissues can interfere with 
the analysis. The process of sample treatment can affect the sensitivity of a whole method 
significantly
[55]
. Therefore, it is pivotal to choose proper approaches for the extraction and 
purification of plant hormones before their analysis. Considering many kinds of 
phytohormones are distributed in different plants at a trace level, multiple procedures for 
sample preparation are often required to develop an effective method for phytohormone 
analysis. A typical process for the determination of phytohormones in plant tissues is 
shown in Scheme 1, which comprises general steps of sample preparation and analysis, 
such as homogenization, extraction, purification and so on
[56]
.  
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Scheme 1. A typical process for phytohormones analysis in plant samples 
 
In the homogenization step, the collected plant samples need to be stored at low 
temperature immediately and ground into powder in liquid nitrogen
[57]
, to avoid chemical 
degradation or metabolic change of the hormones of interest
[58]
. As for the extraction, 
since the plant hormones are structurally and chemically diverse compounds, in order to 
extract the target hormones as efficiently as possible, various extraction solvents have 
been employed such as water
[52]
, methanol
[59]
, ethyl acetate
[60]
 and so on. Bieleski 
solvent
[61]
 which consists of methanol, water and formic acid, is widely used in plant 
sample extraction
[53, 62-64]
 as it can prevent the degradation of plant hormones and block 
the extraction of too many lipids
[62]
. When it comes to the purification step, three main 
measures are usually adopted: solid phase extraction (SPE), liquid–liquid extraction 
(LLE) and immunoextraction. 
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SPE with various kinds of sorbent or solid phase microextraction (SPME) with different 
fibers, which utilize the retention differences of compounds on a stationary phase to 
separate the compounds of interest, are common procedures for further purification of the 
crude plant extract
[14, 52, 59, 60, 65-68]
.  
C18 cartridges are capable of retaining lipids and plant pigments in the crude extract. One 
type of mixed-mode extraction cartridge, which combines the reversed-phase retention 
features with ion exchange ability, is well exploited for a rapid and effective purification 
process
[63, 65, 69-71]
 and it is in good conformity with the analysis of multiple 
phytohormones which present diverse structural characteristics. Besides, it is reported that 
the mixedmode cartridges are able to significantly decrease the ion-suppression effects of 
the plant matrix in MS detection
[63]
. Taking advantage of the analyte solubility 
differences in different solvents, LLE is an effective way to purify the plant extract
[72-74]
 
as well. At the early stage, utilization of LLE might result in the use of a large volume of 
solvent and cumbersome concentration steps, as a large quantity of plant tissues was used 
in the extraction. However, with advancement of detection techniques and decreasing 
demand for sample amount, LLE becomes easier to handle since the extraction solvent 
volume is reduced, sometimes to as little as 1 mL,
[57, 73]
 which facilitates the fast and high 
throughput analysis of phytohormones. Furthermore, liquid phase microextraction 
(LPME) methods for sample pretreatment have been applied in the simultaneous 
determination of several hormones
[75, 76]
. Immuno-based extraction has also been applied 
for further sample purification
[77-79]
. Antibodies with high specificity for the target 
analytes are raised and prepared in an immunoaffinity column (IAC), which allows the 
specific capture and efficient concentration of the compounds of interest. On the other 
hand, the specificity of the antibodies confines the analytes to one class of plant hormones 
that exhibit similar structures, and the lack of durability of IAC makes it unsuitable for 
high throughput analysis. Meanwhile, some new materials and methods have been also 
tried in the sample preparation. A durable polydimethylsiloxane (PDMS) film was 
fabricated and used for the extraction of methyl jasmonate in leaf extracts
[80]
. The high 
extraction efficiency and good reproducibility of the film provided an impressive 
detection limit of 0.2 ng mL
-1
 for the method with gas chromatography-flame ionization 
detection (GC-FID). Thus an appropriate sample pretreatment step is able to shape the 
whole analysis method. It is worth mentioning that not all these steps of sample 
preparation are needed in every case of phytohormone analysis and some of them can be 
simplified
[81, 82]
. The strategies actually adopted for hormone determination greatly 
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depend on the characteristics and content distribution of the targets, the number of 
phytohormone classes of interest and the analytical methods to be applied next. 
 
1.4.2 Analytical approaches 
 
1.4.2.1 Liquid chromatography (LC) and LC-MS methods 
 
LC has emerged as a powerful method for phytohormone analysis because of its high 
sensitivity, reproducibility and accuracy. Besides, it offers an opportunity to quantify 
several compounds simultaneously. Therefore, LC coupled with various types of 
detectors is the most commonly applied method for hormone determination
[14, 71, 83, 84]
. 
An alternative means to the traditional UV method is fluorescence detection
[75, 85]
. Chen 
et al.
[85]
 developed 6-oxy-(acetylpiperazine) fluorescein (APF) as a new fluorescent 
labeling reagent for carboxylic acids and realized the quantification of auxins in vegetable 
samples. Besides, determination of auxins with chemiluminescence (CL) detection was 
also realized
[86]
 through the CL reaction of auxins with immobilized Ru(bpy)3
2+
-KMnO4. 
Combined with MS, LC-MS is the most widely employed method for plant hormone 
analysis
[15, 55, 62, 72, 78, 87-91]
. One of the most prominent advantages of LC-MS is that the 
accurate quantitation and qualitation for analytes can be both achieved without many 
purification or derivatization steps. However, the application of MS approaches is often 
difficult. 
Fletcher et al.
[10]
 developed a method for profiling the phytohormones in dormant 
Macadamia integrifolia with liquid chromatography-quadrupole time-of-flight tandem 
mass spectrometry (LC-QToF-MS/MS) and studied their correlations with abnormal 
vertical growth (AVG). With higher mass accuracy and better resolution, QToFMS is 
suitable for wide-range hormone profiling. Ma et al.
[7]
 described an approach to 
simultaneously analyze four classes of phytohormones including auxins, ABA, GA and 
CKs with liquid chromatography-ion trap tandem mass spectrometry (LC-IT MS/MS), 
and applied it to screen putative endogenous phytohormones present in coconut water. 
Endogenous jasmonic acid (JA), SA and their related compounds were successively 
quantified in tobacco plants by UPLC-MS/MS
[54]
.  In particular, measuring the 
accumulation patterns of glucosides and other related compounds is valuable for the 
understanding of their interactions and the biosynthetic pathway of JA and SA. 
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Derivatization measures are also used in LC-MS analyses. Kojima et al.
[69]
 developed a 
high-throughput method to simultaneously quantify 43 molecular species from four 
classes of phytohormones including CKs, auxins, ABA and GAs. After derivatization of 
acidic compounds with bromocholine, the response of targets was improved and all 
compounds of interest could be analyzed in a single run. Pan et al.
[57, 73]
 established a 
rapid and sensitive method for the determination of a number of phytohormones, which 
covered six major classes of hormones and related metabolites in plant extracts. After 
double extraction, the sample was subjected to analysis with LC-MS/MS without further 
derivatization, which realized the differentiation between hormone esters and their acid 
forms. In LC-MS analysis of phytohormones, electrospray ionization (ESI)
[57, 63, 69, 82]
 and 
atmospheric pressure chemical ionization (APCI)
[92]
 are two main choices of ion source. 
ESI is preferable and more popular in practice since the electrospray ionization process 
happens in the liquid phase and is more suitable for the analysis of polar compounds. 
Compared to the full scan MS mode, tandem mass spectrometry (MS/MS) with multiple 
reaction monitoring (MRM) mode provides better selectivity, specificity and 
sensitivity
[58]
 for phytohormone qualitation and quantification and thus has obtained more 
application
[54, 73, 91]
. Usually, isotope labeled compounds are appropriate as internal 
standards in target quantification, as they have almost the same physical and chemical 
properties as their corresponding analytes, which provides correction for analyte loss 
during sample preparation and also compensates for the suppression of ion yield caused 
by co-eluting components in the sample matrix
[58]
. Employment of appropriate internal 
standards contributes to an accurate evaluation of method recovery and ensures more 
reliable results. However, selection of proper internal standards is sometimes arduous as 
the availability of some compounds is limited
[54]
. Thus the process of synthesizing 
internal standards brings an extra workload for a whole analysis. 
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1.4.2.2 Capillary electrophoresis (CE) and CE-MS methods 
 
Considering the fast separation and minimum sample consumption, CE is an attractive 
alternative to the LC method. CE integrates the advantages of high separation efficiency 
and wide versatility in operation mode, receiving much interest for natural product 
analysis
[93]
 including plant hormone determination
[87, 94, 95]
. An open-tubular capillary 
electrochromatography method based on permanent polydopamine coating was first 
developed and successfully used in the determination of four auxins
[96]
. Micellar 
electrokinetic capillary chromatography (MEKC) methods were applied in the 
quantification of several CKs in coconut water
[97, 98]
 and tobacco flowers
[99]
. Besides, 
monitoring the purity of systemin in preparation process
[100]
 was realized by a simple 
capillary zone electrophoresis (CZE) mode. To improve the sensitivity of CE-UV, some 
on-line concentration approaches such as large volume sample stacking
[99, 101]
 have been 
integrated into hormone analysis and satisfactory limits of detection (LOD) have been 
achieved. Combining the efficiency of CE and the selectivity of LC, pressurized capillary 
electrochromatography (pCEC) methods have also been exploited in phytohormone 
determination
[101, 102]
 and used to quantify multiple classes of plant hormones including 
auxins, ABA, GA and CK. To enhance the method sensitivity, other types of detection 
such as laser-induced fluorescence (LIF) and CL detection have also been employed
[81, 
103, 104]
. Moreover, the combination of CE and MS shows good sensitivity and structural 
identification, which is appropriate for hormone analysis and it thus becomes another 
technique complementary to LC-MS.  
Generally, the sensitivity and reproducibility of CE-MS are lower than that of LC-MS, 
because in CE-MS the nanolitre injection volumes as well as the dilution effect of the 
sheath liquid cause difficulties for the detection. In addition, the properties of the 
capillary inner wall are not easily controllable, which results in the instability of 
electroosmotic flow and irreproducible separation. 
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1.4.2.3 Immuno-based methods 
 
Combining the specificity of antibodies with the sensitivity of simple enzyme assays, 
enzyme linked immunosorbent assays (ELISA) can provide a useful measurement of 
antigen or antibody concentration with the antibody or antigen coupled to an easily-
assayed enzyme, and have been utilized in the determination of plant hormones
[105]
. Zhao 
et al.
[106]
 proposed a simplified indirect competitive ELISA (icELISA), in which the 
analyte, antibody and enzyme-labeled secondary antibody were added in one step. Zeatin 
riboside and two other small molecules were used to test this simplified method, and the 
assay sensitivity was shown to be a little higher than that of the traditional method. 24-
Epicastasterone and related brassinolide analogues were detected by ELISA
[107]
 and the 
method was applicable for estimating endogenous BR levels in different plant materials, 
after the crude extracts were fractionated by LC. Amperometric immunosensors for 
auxins
[108]
, ABA
[109]
 and CK
[110]
 analysis in hybrid rice grain samples have been 
developed. The determination was based on a competitive immunoreactions between the 
target and horseradish peroxidase (HRP) labelled target to bind with the antibody 
immobilized on the electrode surface, in which the response signal was expressed as 
percentage current reduction
[108]
. In addition, impedance immunosensors for ABA have 
also been investigated
[111, 112]
. The ABA target bound to the antibody immobilized on a 
porous nanogold film electrode
[111]
, bringing about a response of the impedance signal 
related to the degree of binding. As a result of the unique ligand–antibody binding, the 
immuno-based method presents good specificity and high sensitivity. However, besides 
the time-consuming process of antibody preparation, the cross-reactivity of antibodies 
often results in reduced specificity and accuracy, especially when they are applied to 
crude plant extracts. Additionally, the specificity of antibodies conflicts with the demand 
for simultaneous detection of multiple classes of hormones. On the other hand, since the 
immuno-based method is less dependent on large equipment and more amenable to 
miniaturization, it is more portable and suitable for in situ screening of targets in plant 
tissues. 
 
  
 
 
 
27 Chapter 1 – State of the art 
1.4.2.4 Other methods 
 
Gas chromatography (GC) as well as gas chromatography-mass spectrometry (GC-MS) is 
a well recognized technique in the field of phytohormone analysis
[11, 52, 59, 67, 113-116]
. The 
separation depends on the different physiochemical properties of the targets, such as 
diverse boiling points and molecular polarity. Müller et al.
[114]
 reported a sensitive and 
accurate technique by GC-MS/MS to quantify indole-3-acetic acid (3-IAA), ABA, JA, 
12-oxo-phytodienoic acid (OPDA) and SA in plant tissues, and whole-plant organ-
distribution maps of multiple hormones for Arabidopsis thaliana were generated. 
Although GC is efficient for the structural identification and accurate quantification in 
multiple phytohormone analysis, the requirement for sample volatility limits its 
application for all classes of phytohormones. Thus extra derivatization steps are 
commonly needed in the process of sample preparation, to increase sample volatility and 
sensitivity. When methyl esters coexist in the plant with free carboxylic acids
[73]
, the 
derivatization of acids into methyl esters is not appropriate as it cannot distinguish the 
original methyl esters from free acids. Besides, some thermally labile components are 
likely to break down at the high temperature of the GC injector and column, which limits 
the range of plant hormones fit for GC analysis. Recently, some new spectral methods 
have also been exploited for phytohormone analysis. Ethylene content in tomatoes was 
quantified by visible/short-wave near-infrared (Vis/SW NIR) spectroscopy, combined 
with some chemometrics methods including partial least squares regression (PLSR) and 
stepwise multiple linear regression (SMLR)
[117]
. Guo et al.
[118]
 described a colorimetric 
method for the differentiation of 3-IAA and IBA. The color change resulted from the 
Ehrlich reaction between the auxins and p-(dimethylamino)benzaldehyde (PDAB). 
Additionally, the method was successfully used to monitor the 3-IAA change in the 
growth of mung bean sprout. As for the electrochemical detection of plant hormones, de 
Toledo et al.
[8]
 proposed a method for quantification of 3-IAA, with a graphite-
polyurethane composite electrode and square wave voltammetry, and Wu et al.
[119]
 
developed an amperometric sensor for 3-IAA based on multi-walled carbon nanotubes 
(MWNTs)-film coated glassy carbon electrode. The determination of 6-benzyl adenine 
(6-BA) has been studied at a mercury electrode
[120]
 and it was applied to analyze 6-BA in 
bean sprout samples. These spectral methods and electrochemical strategies are proved to 
be simple, fast and effective. The number of targets in most of them are limited to only 
 
28 Chapter 1 – State of the art 
one or two, as these schemes are designed to be of some specificity. However, in some 
cases, the specificity is susceptible to impurities present in real samples. In addition, the 
lack of universality makes these protocols not easily adaptable for the analysis of other 
plant hormones. 
 
1.5 Molecularly Imprinted Polymers 
 
1.5.1 Molecular Imprinting: Concept and Interest 
 
Molecular imprinting technology was born to prepare synthetic (abiotic) materials 
capable of mimicking the selective binding of target molecules, which is characteristic of 
antibodies and enzymes
[121, 122]. Inspired by the ‘lock-and-key’ concept, molecular 
imprinting aims to create specific receptors in polymeric materials by using the target 
molecules as ‘key’ templates, which then drive the arrangement of the pieces of the 
‘locks’ during synthesis.   
The molecular imprinting technique is usually defined by the main steps of the process 
(Figure 1.4): 
 
i) incorporation of the target into the monomer soup in order that the target molecules act 
as templates for the spatial arrangement of the monomers. Such an arrangement occurs as 
a function of the strength of the interactions; namely, those monomers with high affinity 
become positioned close to the template molecules, those with less affinity stay further 
away; 
 
 ii) polymerisation which should lead to the permanent spatial architecture of the 
monomers;  
 
iii) template removal in order to create empty (imprinted) cavities in the polymer network 
that are complementary in size, shape and functional groups to those of the template 
molecules;  
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iv) rebinding of the target (template) by the imprinted polymer when they come into 
contact again.  
 
These four fundamental steps can be carried out in quite different ways and involve 
multifaceted mechanisms.  For example, the incorporation of a high proportion of 
crosslinker agents results in rigid ‘lock’-bearing polymers.  Moreover, the solvent affects 
the type of interaction between the template and the functional monomer
[28]
. 
 
 
 
Figure 1.4 Steps of the preparation and rebinding performance of molecularly imprinted polymer 
(MIP). 
 
1.5.2 Incorporation of the template molecules 
  
One of the most critical issues to effectively obtain an imprinting effect is to establish 
operating conditions to favourite the interaction between the template molecules and the 
monomers, responsible for creating the imprinted cavities, both in the polymerisation 
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process and also in the rebinding step.  By contrast, the interaction has to be weakened in 
the removal step.  
The template molecules can be incorporated into the monomer soup in two main different 
ways, which serve to classify the molecular imprinting as covalent or noncovalent.  
The covalent approach was introduced in the 1970s by Wulff and co-workers
[123, 124]
. It 
consists in the covalent binding of the template molecules to certain functional monomers 
prior to polymerisation. The template/functional monomer bonds are reversibly broken 
after the synthesis of the networks to form the imprinted cavities.  
Alternatively, the noncovalent or self-assembly approach, proposed in the 1980s by 
Arshady, Mosbach and co-workers
[125, 126]
, is based on the ability of the template 
molecules to form stable and soluble complexes with the functional monomers through 
noncovalent interactions. Multiple-point interactions between a template molecule and 
various functional monomers are required to form strong complexes; the strength of the 
monomer-monomer, template-template, solvent-monomer and solvent-template 
interactions markedly determines the extent and quality of the imprinted cavities
[127]
. 
In general, the noncovalent imprinting protocol allows more versatile combinations of 
templates and monomers, and provides faster bond association and dissociation kinetics 
than the covalent imprinting approach
[128]
. 
 
Covalent imprinting.  This technique, also known as the preorganised approach
[129]
, 
consists of the reaction of the template molecule with polymerisable monomers by 
reversible binding. Examples of covalent interactions in molecular imprinting include the 
formation of Shiff base bonds
[130, 131]
, ketals
[132, 133]
 or acetal bonds
[134]
, prior to polymer 
synthesis
[135]
. Polymerisation takes place in the presence of a large excess of crosslinker 
to yield an insoluble rigid network. The covalent bonds have to be cleaved for template 
extraction, leading to defined binding sites of complementary steric and functional 
topography to the template molecule. Reversible cleavage and formation of the covalent 
bonds are the basis of molecular recognition. 
One of the advantages of this approach is that the exact stoichiometry of the template-
monomer complexes allows the preparation of polymers with binding groups exclusively 
located in the imprinted cavities, reducing the probability of nonspecific interactions. 
Moreover, due to the high stability of the complexes during polymerisation, the resulting 
networks show a homogeneous binding site distribution and superior selectivity than MIP 
prepared using the noncovalent approach. However, the application of covalent 
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imprinting is restricted to a limited choice of functional monomers and templates such as 
alcohols, amines, aldehydes, ketones or carboxylic acids
[136]
. Other drawbacks include the 
need to synthesise the template-monomer complex before polymerisation, the usually 
higher effort required for template cleavage after MIP synthesis, as well as for repeated 
use, and the slow rebinding kinetics due to the need to reestablish the covalent bond for 
target recognition
[137, 138]
. Polymers prepared by this approach are especially suited for 
catalysis
[139]
. 
 
Noncovalent Imprinting.  This method, also known as the self-assembly approach
[129]
, is 
inspired by nature where noncovalent interactions play a key role in molecular 
recognition processes, and is accepted as the most successful and commonly applied 
method for MIP synthesis
[140]
. The prepolymerisation complex between the template 
molecule and the functional monomer(s) is stabilised by weak interactions including 
electrostatic (charge-charge) interactions, dipole interactions, London dispersion or 
hydrogen bonding, which will also govern the rebinding process.  
Advantages of the noncovalent approach over covalent imprinting include the simplicity 
of the synthetic procedure, which does not require the chemical derivatisation of the 
template molecule before polymerisation, and the facility of template removal from the 
polymeric network. A broad range of functional groups can be targeted, using 
commercially available monomers, and reversible interactions with the substrate are 
usually fast, allowing free exchange of the molecule in the recognition sites. 
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Chapter 2 - Experimental 
 
2.1 Chemicals 
 
Indol 3-acetic acid, salicilic acid, benzoic acid, abscisic acid, 6-benzylaminopurina, 1- 
naphthalenacetic acid, indole 3-butyrric acid, indol 3-acetic acid-aspartate were purchased 
from Sigma-Aldrich (Milan, Italy).  Stock solutions of indol 3-acetic acid, salicilic acid, 
benzoic acid, abscisic acid, 6-benzylaminopurina, 1-naphthalenacetic acid, indole 3-
butyrric acid and indol 3-acetic acid-aspartate were prepared in methanol (Chromasolv 
for HPLC   99.9%, 34860). Ultra-pure water was obtained using a Milli-Q system 
(Purerlab Pro + Purelab Classic, Millipore, USA) and it was used in all experiments. 
Ammonium acetate buffer solution at pH 6.94 was prepared dissolving in water the 
ammonium acetate and the pH measured with the glass electrode.  
4-vinylpyridine (4-VP, 95%; contains 100 ppm hydroquinone as inhibitor), 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%) and trimethylolpropanetrimethacrylate (TRIM, 98%) 
used for the synthesis of MIPs and NIP were purchased from Sigma-Aldrich (Milan, 
Italy). Acetonitrile (LC-MS Chromasolv, 34967, purity > 99.9%) and formic acid (for 
mass spectrometry, 98%) were purchased from Sigma-Aldrich-Fluka. Solutions of 
sodium carbonate and sodium carbonate acid were prepared dissolving in water the 
corresponding anhydrous compound (Sigma-Aldrich-Fluka, A658492 and 478537 
respectively, purity 99.5% for both). Dowex-50WX8 hydrogen form resin (ion-exchange 
resins; matrix: styrene-divinylbenzene (gel); matrix active group: sulfonic acid functional 
group) was purchased from Sigma-Aldrich (217492, Milan, Italy).  C18 Sep-Pak (30 mg 
C18 stationary phase) and HLB Oasis (30 mg N-vinylpyrrolidone and divinylbenzene 
stationary phase) cartridges were purchased from Water Corporation.  
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2.2 Plant samples 
 
The plant samples have been provided by the Department of Sciences of Agriculture-
Food Production and Environment (DISPAA) of the University of Florence in the 
framework of the Life + ENV/IT/336-After Cu project.  
 
Leave Samples of Nicotiana Langsdorfii and Lemon tree (not infected). The leaves were 
removed from the plant and the tree including the petiole.  The leaves were washed with 
distilled water and dried. Then they were placed in sealed plastic bags. The samples were 
freeze at -20 ºC for 24 h and lyophilized. 
 
Leaves Samples of Lemon tree infected with Pseudomonas syringae.  
Bacterial Strain growth. Bacterial strain were growth in vitro on King B medium + 
Nitrofurantoine (50 mg/l).  Then the bacterial solutions (10
9 
UFC/ml) were prepared in 
sterile physiological solution (0.85 g NaCl/ 100 ml H2O). For this purpose, bacterial 
suspension was kept overnight in culture and washed twice with serum free supplemented 
medium (SFS), and then resuspended to the defined concentration.    
Inoculation procedure. Ten µl of the concentrated bacteria solution were inoculated with 
a micropipette in the lemon tree leaves (10
9
 UFC/ml).  
Leaves Samples. The leaves samples were taken two months after completing the 
treatment and treated as reported above. 
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2.3 Preparation of Molecularly Imprinted Polymer 
 
Three preparations were performed in three different operating conditions (acetonitrile 
with or without prepolimerization mixture and methanol) in order to attempt to optimize 
the number of specific binding cavities, by improving the interaction between the 
functional monomer and the template.  On the basis of literature data
[28]
 the best synthesis 
should be performed in aprotic, non polar solvent, like toluene, because the interaction 
between the monomer and the template is driven by hydrogen bonds and the solvent 
should not interfere with this.  However it was avoided for safety reasons.  The 
prepolymerization was attempted in order to improve the interaction between monomer 
and template. Methanol was used instead of acetonitrile in order to improve the solubility 
of the monomer-template mixture.  In the case of the synthesis in methanol this was 
performed also in the absence of the template in order to obtain a non-imprinted polymer 
(NIP).  The NIP allowed us to evaluate the aspecific binding interactions.  The procedures 
are described below. 
 
2.3.1 Molecularly Imprinted Polymer preparation in acetonitrile     
(MIP-1) 
 
This procedure has been selected on the basis of the literature data
[141]
.  In this work we 
used TRIM as crosslinker instead of EGDMA (ethylenglycol dimethacrylate) and we 
used a ratio 4-VP: 3-IAA 4:1 instead of 1:1. 
The preparation of MIP-1 for 3-IAA was carried out as follows: 0.077 g of 3-IAA    
(0.440 mmol, as template) were dissolved in acetonitrile (10 mL) in a glass tube. After 
this, 190 μL of 4-VP (1.770 mmol, as functional monomer), 3.2 mL of TRIM           
(8.860 mmol, as crosslinker) and 0.041 g AIBN (0.250 mmol, as radical initiator) were 
added. The mixture was purged with nitrogen gas to remove the oxygen that could inhibit 
the polymerization. The glass tube was sealed and thermal polymerization was performed 
by heating at 60 °C for 20 h.  
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The resulting polymer was ground in a mortar and dried under vacuum. Subsequently, a 
fundamental step is the removal of the template from the polymer.  Two methods were 
adopted: 
 
i) 5-6 washing steps with methanol/acetic acid (9:1 v/v); 
ii) Extraction with Kumagawa in 100% methanol at 60 °C for 16 h. 
 
After this, the polymer was further rinsed about 6 times with 100% methanol. In 
particular, 1 mL of methanol was added to 30 mg of polymer in a vial.  The resulting 
suspension was vortexed for 5 min at 20 ±1 °C, and then the polymer was removed by 
centrifugation (20,913 x g, 20 ±1 °C, for 10 min in an Eppendorf Centrifuge 5804 R 
model).  The surnatant was filtered using a Uniprep syringeless filtration device (0.25 μm, 
Agilent Technologies) and the methanol was removed by 50% volume under nitrogen 
flow. A suitable amount of water was added to restore the initial volume. The resulting 
solution was analyzed by HPLC system by HPLC-Method 3.  This cleaning procedure 
was repeated until disappearance of the chromatographic signal of 3-IAA and it is 
necessary to remove the 3-IAA used as template during the synthesis.  
 
2.3.2 Molecularly Imprinted Polymer preparation in acetonitrile with 
prepolymerization mixture (MIP-2) 
 
This procedure has been selected on the basis of the literature data
[141]
, using the TRIM as 
crosslinker instead of EGDMA and using a ratio 4-VP: 3-IAA 4:1 instead of 1:1.  The 
procedure includes the preparation the prepolymerization mixture.  
The preparation of the prepolymerization mixture was carried out as follows: 0.052 g of 
3-IAA (0.300 mmol, as template) were added to 130 μL of 4-VP (1.210 mmol, as 
functional monomer). The mixture was left to -20 °C overnight.  
Subsequently, 1 mL of acetonitrile was added to the prepolymerization mixture and the 
solution was added in a glass tube with 9 mL of acetonitrile. After this, 1.8 mL of TRIM 
(5.01 mmol, as crosslinker) and 0.028 g of AIBN (0.170 mmol, as initiator) were added.  
The mixture was purged with nitrogen gas to remove the oxygen that could inhibit the 
polymerization. The glass tube was sealed and the thermal polymerization was 
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permormed by heating at 60 °C for 20 h. The resulting polymer was ground in a mortar 
and dried under vacuum. Subsequently the polymer was washed and treated as reported 
above. 
 
2.3.3 Molecularly Imprinted (MIP-3) and Non-Imprinted (NIP-3) 
Polymer preparation in methanol  
 
This procedure has been selected on the basis of literature data
[142]
.  
The preparation of MIP-3 for 3-IAA was carried out using the same amounts of chemicals 
and procedures described for MIP-1, except for the solvent used, which was methanol.  
Despite methanol could interfere with the interaction of 3-IAA with the functional 
monomer (4-VP), it was selected as polymerization solvent to improve the solubilty of 
reagents.  In the synthesis of MIP-1 and MIP-2 we observed, indeed, the formation of an 
orange precipitate when 4-VP was added to the template. 
In this case the corresponding blank polymer (NIP) was prepared with the same 
procedure described, but in absence of 3-IAA.  The same washing procedures were 
adopted for NIP in order to perform a comparison, despite no template was used. 
 
2.4 Standard solution preparation 
 
Phytohormones stock standard solutions were prepared by dissolving the powder in 100% 
methanol.  Each solution preparation was accomplished using adjustable pipettes and, for 
better precision, all aliquots were weighted.   
 
Solutions for standard addition calibration curve in lyophilized plant samples. Four 
standard solutions of 3-IAA at different concentrations were prepared by diluting the 
stock solution in methanol 10% in order to spike the lyophilized plant samples with 5.00, 
10.00, 20.00 and 40.00 ppb using the same amount (30 µL) . The chromatographic 
method employed for these samples was the HPLC-method 4. 
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Experiments with Dowex-50WX8 hydrogen form, SPE (C18 cartridge) and SPE (HLB 
cartridges).  Standard solutions of phytohormones in order to evaluate the effectiveness 
(recovery) of commercial Dowex-50WX8 hydrogen form resin and SPE (C18 cartridge) 
resins were diluted from the stock solutions in 50 mM sodium carbonate acid. The 
standard solutions used for the experiments in SPE (HLB cartridges) were diluted in 80% 
methanol. 
 
2.5 Analytical procedure for the extraction of 3-IAA in plant 
samples using MIP-1 synthesized in acetonitrile  
 
We report here the final analytical procedure developed in this work and applied to plant 
samples employed for the extraction of 3-IAA in plant samples using MIP-1. 
Polymer conditioning.  After the cleaning step (see paragraph 2.3.1), 1 mL of acetonitrile 
was added to MIP-1 residue. The resulting suspension was vortexed for 5 min at 20±1 °C, 
and then the polymer was removed by centrifugation (20,913 x g rpm, at 20±1 °C for     
10 min).  The surnatant was wasted and this procedure repeated twice. 
Plant sample extraction and loading of the extract on MIP-1.  One mL of acetonitrile was 
added to 25 mg of plant sample, the suspension was vortexed for 30 min at 0 °C and 
centifugated (20,913 x g rpm, 4 °C for 30 min).  The surnatant was loaded into 30 mg of 
the MIP-1 previously conditioned. The resulting suspension was vortex for 5 min at room 
temperature, centrifugated (20,913 x g rpm, 20±1 °C for 10 min) and the surnatant was 
wasted.  The MIP-1 was treated with 1 mL of methanol for the release of 3-IAA and other 
eventual extracted compounds.  The resulting suspension was vortexed for 5 min at room 
temperature and centrifugated (20,913 x g rpm, 20±1 °C for 10 min). The surnatant was 
filtered using a Uniprep syringeless filtration device (0.25 μm, Agilent Technologies) and 
the methanol was removed by 50% under nitrogen flow. A suitable amount of water was 
added to restore the initial volume. The resulting solutions were analyzed by HPLC- 
Method 4.  
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2.6 Analytical procedure for the extraction of 3-IAA in plant 
samples using MIP-3/NIP-3 synthesized in methanol 
 
Polymer conditioning.  After the cleaning step (see paragraph 2.3.1), 1 mL of 10% 
methanol was added to MIP-3 or NIP-3.  The resulting suspension was vortexed for 5 min 
at 20±1 °C, and then the polymer was removed by centrifugation (20,913 x g rpm, at     
20±1 °C for 10 min). The surnatant was wasted and this procedure repeated twice. 
Plant sample extraction and loading of the extract on MIP-3 or NIP-3.  In this case the 
extraction was performed with the same procedure described for MIP-1.  However, 1 mL 
of 80% methanol, instead of acetonitrile, was used for the extraction.  After vortexing and 
after the centrifugation the methanol was partially removed under nitrogen flow, and a 
suitable amount of water was added to reach an approximately methanol percentage of 
10%. The surnatant was loaded into 30 mg of polymer previously conditioned. The 
resulting suspension was vortexed for 5 min at room temperature, centrifugated (20,913 x 
g rpm, 20±1 °C for 10 min) and the surnatant was discarded. The loaded MIP-3/NIP-3 
was further washed by adding 1 ml of 10% methanol in order to remove eventual 
interfering compounds.  The resulting suspension was vortex for 5 min at room 
temperature, centrifugated (20,913 x g rpm, 20±1 °C for 10 min) and the surnatant was 
wasted.  Thus, the MIP-3/NIP-3 was treated with 1 mL of methanol for the release of 3-
IAA and other eventual extracted compounds.  The resulting suspension was vortexed for 
5 min at room temperature and centrifugated (20,913 x g rpm, 20±1 °C for 10 min). The 
surnatant was filtered using a Uniprep syringeless filtration device (0.25 μm, Agilent 
Technologies) and the methanol was removed by 50% under nitrogen flow. A suitable 
amount of water was added to restore the initial volume. The resulting solutions were 
analyzed by HPLC-Method 4.  
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2.7 Instrumentations 
 
2.7.1 HPLC-DAD/FD 
 
 
An HPLC gradient pump (P4000, ThermoFinnigan) was coupled with a vacuum 
membrane degasser (SCM1000, ThermoFinnigan), an AS3000 autosampler 
(ThermoFinnigan), a UV6000 diode array detector and a FL3000 fluorescence detector 
(ThermoFinnigan).  
Separations of phytohormones were carried out using a reversed-phase HPLC column 
ZORBAX Eclipse Plus C18 (4.6 mm x 100.0 mm, 3.5 μm, Agilent Technologies), 
equipped with a guard column (4.6 mm x 12.5 mm, 5.0 μm, Agilent Technologies). The 
column temperature was 40 °C.  An injection volume of 50 μL and 0.8 ml/min flow rate 
were used for each sample. The detection of ABA and BAP was performed in absorbance 
at 273 nm; the detection of SA and BA was performed in absorbance at 243 nm; the 
detection of 3-IAA-Asp, 3-IAA, IBA and NAA was performed in fluorescence using  
ex= 280 nm and em= 340 nm.  
Table 2.1 summarizes the chromatographic conditions employed for the separations 
reported in this work. 
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Table 2.1  Chromatographic conditions employed for the separations of phytohormones reported 
in this work. HPLC column:  reversed-phase column ZORBAX Eclipse Plus C18 (4.6 mm x 
100.0 mm, 3.5 μm, Agilent Technologies), equipped with a guard column (4.6 mm x 12.5 mm, 
5.0 μm, Agilent). 
 
HPLC-Method Solvents Chromatographic elution 
conditions 
Notes 
1 
A) 95% water, 5% 
methanol  and 0.1% 
formic acid; 
B) 95% methanol, 5% 
water and 0.1% 
formic acid 
Gradient: 0 to 5 min, 90% A 
- 10% B; 5 to 25 min, 100% 
B; 25 to 35 min 100% B; 35 
to 38 min, 90% A- 10% B; 
38 to 55 min 90% A- 10% B, 
flow rate of 0.8 mL min
-1
 
Simultaneous 
determination of 
SA, BA, ABA, 
BAP, 3-IAA-
Asp, 3-IAA, IBA 
and NAA 
phytohormones 
2 
A) 20 mM ammonium 
acetate buffer at      
pH 6.94 
B) 100% methanol 
Gradient: 0 to 5 min, 97% A 
- 3% B; 5 to 17 min, 40% A- 
60% B; 17 to 18 min 5% A - 
95% B; 18 to 21.5 min, 5% 
A - 95% B; 21.5 to 22 min 
97% A- 3% B; 22 to 37 min 
97% A- 3% B, flow rate of 
0.8 mL min
-1
 
Simultaneous 
determination of 
SA, BA, ABA, 
BAP, 3-IAA-
Asp, 3-IAA, IBA 
and NAA 
phytohormones 
3 
40% methanol – 60% 
water and 0.1% 
formic acid 
Isocratic elution 
Determination of 
3-IAA 
4 
A) 40% methanol, 
60% water  and 0.1% 
formic acid 
B) 100% methanol 
0 to 15 min, 100% B; 15 to 
20 min, 100% A; 20 to 35 
min 100% A; 35 to 37 min, 
100% B; 37 to 52 min 100% 
B, flow rate of 0.8 mL min
-1
 
Determination of 
3-IAA in plant 
samples 
 
External calibrations.  Diluted solutions were prepared from the stock standard solutions 
in initial solvent employed for the chromatographic analysis.  For the calibration of 3-
IAA in acetonitrile 3-IAA stock solution was dilute acetonitrile (HPLC method 3).    
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Due to the greater sensitivity of the fluorimeter compared to the sensitivity of DAD, 3-
IAA, 3-IAA-Asp and NAA, which were detected with the fluorescence detector, were 
injected in the range 0.10-50.00 ppb.  The other analytes (SA, BA, BAP, ABA) were 
injected in the range 0.02-5.00 ppm.  
ChromQuest
TM
 4.2 Chromatography Data System was used to carry out HPLC-DAD/FD 
control, data acquisition and data analysis.  Excel 2007 by Microsoft Corporation was 
used for the statistical treatment of the chromatographic data.  
 
2.7.2 Thermogravimetric analysis (TGA) 
 
A TA Instruments Thermobalance model Q5000IR was used. Measurements were 
performed at a rate of 10 °C/min, from 30 to 700 °C under nitrogen flow (200 mL/min) 
and also under air flow (200 mL/min). The amount of samples in each TGA measurement 
varied between 5 and 10 mg of MIPs/NIP. This procedure has been selected on the basis 
of literature data
[143]
. 
 
2.7.3 Attenuated Total Reflectance (ATR) Fourier transform infrared 
spectroscopy (FTIR) 
 
FTIR spectra of MIPs/NIP were recorded by using a Perkin-Elmer Spectrum One FTIR 
spectrophotometer, equipped with a universal ATR accessory. 
For all samples, the following spectrometer parameters were used: resolution 4 cm
-1
, 
spectra range 600-4000 cm
-1
, 32 number of scans in order to obtain a suitable S/N ratio.  
Spectrum software (Perkin-Elmer) was employed to run and process the FTIR spectra. 
 
2.7.4 Ultraviolet-visible spectroscopy (UV-vis) 
 
UV-vis spectra were recorded by using a double beam UV-visible Lambda 25 Perkin-
Elmer spectrophotometer.  The solutions were contained in quartz cells with an optical 
path of 1 cm.  For all the samples the spectra were recorded in the range λ = 210-600 nm. 
UV WinLabTM software (Perkin-Elmer) was employed to run and process the Uv-vis 
spectra. 
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2.7.5 Fluorescence spectroscopy 
 
Fluorescence spectra were recorded by using a LS45 Perkin-Elmer spectrometer, 
equipped with a xenon lamp pulsed at 50 Hz. The solutions were contained in a micro-
cell fluorescence of quartz (l = 1 cm). For all the samples, the following spectrometer 
parameters were used: λexc = 280 nm, λem = 200-500 nm. FL WinLab
TM software (Perkin-
Elmer) was employed to run and process the fluorescence spectra. 
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Chapter 3 - Development of an HPLC method for 
the simultaneous determination of phytohormones 
in plant sample extracts 
 
The extraction of phytohormones from the plant samples is a crucial step of the analytical 
procedure, because, in addition to the analytes of interest, other compounds are extracted 
from the matrix.  These compounds may interfere with the analysis.   
In this part of the work we investigated the employment of commercial SPE C18 and 
HLB cartridges and Dowex-50WX8 hydrogen form resin, as well as the liquid-liquid 
extraction for the purification of phytohormones from plant extracts, preliminary to the 
HPLC-DAD/FD analysis.  
 
3.1  Spectroscopic characterization of 3-indole acetic acid and 
of the other phytohormones 
 
First, we performed a spectroscopic characterization of the phytohormones analysed in 
order to select the suitable detection wavelengths. 
The physical-chemical properties of 3-indole acetic acid (3-IAA, Figure 3.1) are 
summarized in Table 3.1 
[144] 
 
 
Figure 3.1: 3-IAA chemical structure 
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Table 3.1: 3-IAA properties 
 
 
Empirical formula C10H9NO2 
Molecular weight 175.18 
Melting point 165-169 °C 
Appearance White solid 
CAS number 87-51-4 
Stability 
Very stable in neutral and alkaline media 
Unstable to light
[145]
 
 
3-IAA is a fluorescent compound with a strong absorption at 280 nm.  Figure 3.2 shows 
the UV-Vis absorption spectrum (A) and the fluorescence spectrum (λex = 280nm) (B) of a 
3-IAA solution in 20 mM ammonium acetate - 10% methanol. 
 
 
 
 
Figure 3.2 (A) Uv-vis absorption spectrum in the range λ = 210-600 nm of 3-IAA 50 ppb in      
20 mM ammonium acetate-10% methanol.  
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Figure 3.2 (B) Fluorescence spectrum of 3-IAA 50 ppb in 20 mM ammonium acetate-10% 
methanol. λexc = 280 nm, λem = 200-500 nm. 
 
Figure 3.3 shows the molecular fluorescence spectra of 3-IAA at various pHs.  In the 
same figure (inlet) the trend of the maximum fluorescence signal as a function of pH is 
reported.  The fluorescence signal of 3-IAA is, indeed, dependent on pH, reaching the 
maximum intensity around pH 7, in agreement with the literature data
 [146]
.   
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Figure 3.3 Fluorescence spectra for 50 ppb 3-IAA in 40% methanol - HCOOH/NH3 at pH 3.09, 
4.74, 5.91, 7.06, 10.62, 11.23.  In the inlet the trend of the maximum fluorescence signal as a 
function of pH is reported.  
. 
 
Figure 3.4 shows the chemical structures of the other phytohormones studied in this 
work. UV-vis and fluorescence spectra were also recorded for these compounds. Table 
3.2  reports the values of λ corresponding to the maximum UV-vis absorption spectra and 
to the maximum fluorescence emission.  The fluorescence emission spectra were obtained 
by exciting at the wavelenght corresponding to the maximum absorbance. 
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Figure 3.4 Chemical structure of studied analytes 
 
 
 
 
 
 
 
 
 
 
 
 
50 
Chapter 3 - Development of an HPLC method for the simultaneous determination of 
phytohormones in plant sample extracts 
Table 3.2  Wavelengths corresponding to a maximum in the UV-vis absorptions and fluorescence 
for each analyte. In bold are highlighted the wavelengths corresponding to the absolute maximum. 
Each analyte was 5.00 ppm in 20 mM ammonium acetate-10% MeOH 10%. 
 
 
Analytes λabs max  (nm) 
 
λf  (nm) 
SA 231 – 297 311 - 337 – 406 
ABA 245 312 – 337 
BA 225 312 – 349 
BAP 269 313 - 335 – 342 
3-IAA 221 – 280 365 
3-IAA-Asp 219 – 280  359 
IBA 222 – 280  370 
NAA 224 – 282  337 - 419 - 426 – 442 
 
 
3.2 Treatment with DOWEX-50WX8 hydrogen form resin 
First, we tested the employment of DOWEX-50WX8 hydrogen form resin, ion-exchange 
resin in which the matrix is consists of styrene-divinylbenzene (gel) with sulfonic acid 
functional group. This resin should purify the plant extract with a mixed-mode 
mechanism, as the styrene-divinylbenzene groups interact with hydrophobic molecules 
and the sulfonic groups bind to eventual positevely charged species. 
Resin activation.  One hundred g of DOWEX-50WX8 hydrogen form resin were 
activated with 200 mL of 4 M HCl, the suspension was stirred with a magnetic bar for 5 
min at T = 20 °C and subsequently filtered. The resin was washed with 500 mL of  
deionized water and stirred for 5 min with 200 mL of 4 M NaOH, then it was filtered and 
washed again with 500 mL of water.  Then, the resin was washed with 200 mL 4 M HCl, 
stirred for 30 min, filtered and washed again with water up to achieve the neutral pH.   
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Recovery test on the multistandard phytohormones solutions.  Five hundred μL of a 
multi-standard solution (SA, ABA, BA, BAP, 3-IAA, 3-IAA-Asp, IBA, NAA) at three 
different concentration levels (0.02, 0.1 and 0.5 ppm SA, BA, BAP, ABA and 0.1, 1 and 
5 ppb 3-IAA-Asp, 3-IAA, NAA) in 50 mM sodium carbonate acid were added to 50 mg 
of actived DOWEX-50WX8 hydrogen form resin and vortexed for 5 min.  After this, the 
sample was centrifuged at 20 °C for 5 min at 20,913 x g rpm and the surnatant was spiked 
with 25 μL of  20% HCOOH and 75 μL of MeOH, which is the initial chromatographic 
eluent solvent. IBA was also tested in the same operating conditions only at one 
concentration level (50 ppb) in order to evaluate if it could be used as internal standard.  
The same process was repeated for a blank solution with 50 ppb IBA.  The surnatants 
were then filtered and injected into the HPLC system (HPLC-method 1, see 
Experimental).  
Figure 3.5 shows the mean recoveries for standard and blank solutions treated with the 
DOWEX-50WX8 hydrogen form.  The recoveries were obtained as the ratio between the 
concentration found of each standard (calculated on the basis of the area of the 
chromatographic peak and the corresponding calibration curve) and the analytical 
standard concentration of the solution calculated by weight. 
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Figure 3.5  Mean recoveries for standard and blank solutions treated with the DOWEX-50WX8 
hydrogen form resin.  The relative error bars expressed as standard deviations (n = 3) are reported.  
0.02 (blue column), 0.1 (red column) and 0.5 ppm (orange column) SA, BA, BAP, ABA and 0.1 
(blue column), 1 (red column) and 5 ppb (orange column) 3-IAA-Asp, 3-IAA, NAA; 50 ppb IBA 
(green column). 
 
Figure 3.5 shows that for phytohormones ABA, BAP and NAA the recovery is 0.  
Despite these analytes are in their deprotonated species (pKa of phytohormones is about 
4)
 [144]
, it is likely to hypothesize that the lack of recovery is due to hydrophobic 
interactions that are formed between the DOWEX-50WX8 hydrogen form resin and the 
hydrophobic part of ABA, BAP and NAA. 
Therefore this method was not considered suitable for the treatment of real sample, 
because three analytes remained bound to the resin and consequently were not recovered. 
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3.3 Treatment with SPE C18 cartridges 
 
C18 cartridge conditioning. The SPE C18 cartridges were conditioned using 1 mL of 
methanol and then 1 mL of water.  
Recovery test on the multistandard phytohormones solutions.  One mL of a multi-
standard solution (SA, ABA, BA, BAP, 3-IAA, 3-IAA-Asp, IBA, NAA) at three different 
concentration levels (0.02, 0.1 and 0.5 ppm SA, BA, BAP, ABA and 0.1, 1 and 5 ppb 3-
IAA-Asp, 3-IAA, NAA) in 50 mM sodium carbonate acid were loaded onto the cartridges 
and the eluate was collected in a vial, spiked with 25 μL of  20% HCOOH and 75 μL of 
MeOH, and injected. IBA was also tested in the same operating conditions only at one 
concentration level (50 ppb) in order to evaluate if it could be used as internal standard.  
In the application to real samples this treatment on C18 cartridge should guarantee the 
removal of nominally all hydrophobic compounds.  In this conditions, the phytohormons 
in their deprotonated form should not be retained on the stationary phase. 
The eluate was injected into the HPLC system (HPLC-Method 1, see Experimental).  
Figure 3.6 shows the mean recoveries of standard solutions after the treatment with SPE 
C18 Cartridge.  The recoveries were obtained as the ratio between the concentration 
found of each standard (calculated on the basis of the area of the chromatographic peak 
and the corresponding calibration curve) and the analytical standard concentration of the 
solution calculated by weight. 
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Figure 3.6  Mean recoveries (n = 3) for standard solutions treated with the SPE C18.  The relative 
error bars expressed as standard deviations (n = 3) are reported.  0.02 (blue column), 0.1 (red 
column) and 0.5 ppm (orange column) SA, BA, BAP, ABA and 0.1 (blue column), 1 (red 
column) and 5 ppb (orange column) 3-IAA-Asp, 3-IAA, NAA; 50 ppb IBA (green column). 
 
The phytohormones ABA, BAP, NAA and IBA are not recovered by this method. Also in 
this case, as the retention mechanism is based on the hydrophobic interactions between 
analytes and the stationary phase, despite the phytohormones at this pH (around 8) are in 
their deprotonated form (pKa of phytohormones is about 4)
 [144]
,  ABA, BAP, NAA and 
IBA are strongly retained by hydrophobic interactions with the C18 functional groups.  
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3.4 Treatment with HLB cartridges 
 
HLB cartridge conditioning.  The HLB cartridge stationary phase is a N-vinylpyrrolidone 
and divinylbenzene copolymer.  The cartridges were conditioned with 1 mL of methanol 
and 1 mL of 0.1% formic acid.  
Recovery test on the multistandard phytohormones solutions.  For these experiments 1 
mL of a multi-standard solution (SA, ABA, BA, BAP, 3-IAA, 3-IAA-Asp, IBA, NAA) at 
three different concentration levels (0.02, 0.1 and 0.5 ppm SA, BA, BAP, ABA and 0.1, 1 
and 5 ppb 3-IAA-Asp, 3-IAA, NAA; 50 ppb IBA) in 80% methanol - 0.1% formic acid 
were evaporated to half of the initial volume under a nitrogen flow.  Thereafter, a suitable 
amount of water was added to restore the initial volume and loaded onto the HLB 
cartridges. This evaporation step, which decreases methanol percentages in the solution 
containing the analytes, is carried out in order to favourite the interaction with the 
hydrophobic stationary phase of the cartridge. The analyzed phytohormones are indeed 
very soluble in methanol, so its presence would inhibit phytohormones interaction with 
the cartridges stationary phase.  
The choice of starting from a multi-standard solution in 80% methanol was due to the 
typical extraction condition employed for raw plant samples. 
After the HLB cartridges were washed with 1 mL 50% methanol and the phytohormones 
extracted with 1 mL 100% acetone. The eluted fractions were completely evaporated and 
the initial chromatographic solvent was added to restore the initial volume of 1 mL and 
then the solutions were injected into the HPLC system (HPLC-Method 1).   
Figure 3.7 shows the mean recoveries of standard solutions after the treatment with SPE 
HLB Cartridge. The recoveries were obtained as the ratio between the concentration 
found of each standard (calculated on the basis of the area of the chromatographic peak 
and the corresponding calibration curve) and the analytical standard concentration of the 
solution calculated by weight. 
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Figure 3.7 Mean recoveries (n = 3)  for standard solutions treated with the SPE HLB cartridges.  
The relative error bars expressed as standard deviations (n = 3) are reported.  0.02 (blue column), 
0.1 (red column) and 0.5 ppm (orange column) SA, BA, BAP, ABA and 0.1 (blue column), 1 (red 
column) and 5 ppb (orange column) 3-IAA-Asp, 3-IAA, NAA; 50 ppb IBA (green column). 
 
As observed in Figure 3.7 the recoveries of almost all analytes are acceptable (40-100%); 
however, the recovery of 3-IAA-Asp is fairly low (< 20%). 
This low recovery is due to the washing in 50% methanol.  From the chromatographic 
analysis of the washing solution it resulted, indeed, more than 80% of 3-IAA-Asp 
(Figure 3.8).  For this reason the washing step after the loading phase was performed 
with 5% methanol instead of 50% methanol.  In this way, recovery of 3-IAA-Asp on 
HLB was >90%.  
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Figure 3.8 Mean recoveries (n = 3) of phytohormones multi-standard solutions in the 50 % 
methanol washing solution.  The relative error bars expressed as standard deviations (n = 3) are 
reported.  0.02 (blue column), 0.1 (red column) and 0.5 ppm (orange column) SA, BA, BAP, 
ABA and 0.1 (blue column), 1 (red column) and 5 ppb (orange column) 3-IAA-Asp, 3-IAA, 
NAA; 50 ppb IBA (green column). 
 
In all the experiments reported above on the multi-standard solutions, the phytohormone 
NAA is reported in the recovery plots.  However, it has to be underlined that NAA has a 
tailored, bad chromatographic elution peak.  In raw matrices this could compromise its  
reliable determination. 
Among the commercial devices tested, the SPE treatments with HLB and C18 cartridges 
were proven to be suitable for the application to real samples.  However, is well known 
that these procedures cannot be straightforwardly applied to raw matrices unless mass 
spectrometry technologies were selected for the detection of the analytes
[147]
.  In real 
samples, indeed, many interfering compounds prevent the employment of an “easy” 
instrumentation such as DAD or FD detectors.  For this reason SPE extraction method are 
sometimes coupled to liquid-liquid extraction before HPLC-DAD/FD analysis
[148]
. 
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In the following section we tested the HLB extraction method with liquid-liquid 
extraction for the HPLC-DAD/FD determination of phytohormones in multi-standard 
solutions and real samples. 
 
3.5 Combination of SPE HLB purification method with liquid-
liquid extraction for the HPLC-DAD/FD determination of 
phytohormones in multi-standard solutions 
The phytohormones multi-standard solutions (0.02, 0.1 and 0.5 ppm SA, BA, BAP, ABA 
and 0.1, 1 and 5 ppb 3-IAA-Asp, 3-IAA, NAA; 50 ppb IBA) in 80 % methanol - 0.1 % 
formic acid was firstly treated with HLB cartridges, as described above.  The eluate, after 
drying, was redissolved in 1 mL of 50 mM sodium carbonate acid (pH about 8), to keep 
the phytohormones in their deprotonated form and a liquid-liquid extraction in 
ethylacetate was performed in order to remove in the organic solvent the hydrophobic 
interfering compounds of the matrix.  The aqueous phase was extracted three times with 1 
mL of ethylacetate, evaporated with nitrogen stream in order to remove residual 
ethylacetate and spiked with 1 mL of 20% methanol - 0.1% formic and  injected in the 
HPLC system (HPLC-Method 1). 
Figure 3.9 shows the mean recoveries of standard solutions after the treatment with SPE 
HLB and liquid-liquid extraction.  The recoveries were obtained as the ratio between the 
concentration found of each standard (calculated on the basis of the area of the 
chromatographic peak and the corresponding calibration curve) and the analytical 
standard concentration of the solution calculated by weight. 
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Figure 3.9 Mean recoveries (n = 3)  for standard solutions treated with the SPE HLB cartridges 
and liquid-liquid extraction.  The relative error bars expressed as standard deviations (n = 3) are 
reported.  0.02 (blue column), 0.1 (red column) and 0.5 ppm (orange column) SA, BA, BAP, 
ABA and 0.1 (blue column), 1 (red column) and 5 ppb (orange column) 3-IAA-Asp, 3-IAA, 
NAA; 50 ppb IBA (green column). 
 
Figure 3.9 shows that recoveries >60% were obtained for most of phytohormones. The 
recovery of 3-IAA-Asp was rather low. However, 3-IAA-Asp, which is an intermediate 
compounds in the degradation of the 3-IAA
[44]
, is less important in plant metabolism than 
3-IAA.   
Table 3.3 summarizes fitting parameter of the calibration curves of the studied 
phytohormone determinated by HPLC-method 1. 
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Table 3.3 Fitting parameter of the calibration curves of the studied phytohormone determinated 
by HPLC-method 1. 
 
Phytohormones Concentration range Slope ± standard deviation R
2 
SA 0.02-5.00 ppm 5.37·10
5
 ± 1000 1.00 
BA 0.02-5.00 ppm 5.87·10
5
 ± 800 1.00 
BAP 0.02-5.00 ppm 1.05·10
6
 ± 3000 1.00 
ABA 0.02-5.00 ppm 1.43·10
6
 ± 3000 1.00 
3-IAA-Asp 0.10-50.00 ppb 2.46·10
6
 ± 30000 0.99 
3-IAA 0.10-50.00 ppb 4.19·10
6
 ± 20000 1.00 
NAA 0.10-50.00 ppb 2.70·10
6
 ± 100000 0.99 
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3.6 Combination of SPE HLB purification method with liquid-
liquid extraction for the HPLC-DAD/FD determination of 
phytohormones in real samples 
 
The SPE HLB purification method coupled with liquid-liquid extraction described above 
was applied to the extract of a genetically modified plant sample of Nicotiana langsdorffii 
(NL-rolC/211).  Two extraction media were tested: i) 80% methanol-0.1% formic acid 
followed by HLB purification and liquid-liquid extraction and ii) 50 mM sodium 
carbonate followed by liquid-liquid extraction and HLB purification. 
i) One mL 80% methanol-0.1% formic acid was added to 25 mg of lyophilized leaves and 
the suspension was magnetic stirring for 30 min at 0 °C. The sample was centrifuged for 
30 min at 4 °C 20,913 x g rpm. The surnatant was reduced to half volume under nitrogen 
stream, and water was added to restore the initial volume. Subsequently the sample was 
loaded onto the HLB cartridge and treated as described for the multi-standard solution.  In 
this case the sample was filtered with a 20μm UniPrep filter and divided into two 
aliquots. One aliquot was analysed as is; the other aliquot was spiked with a suitable 
volume of 10 ppm SA, BA, ABA, BAP and 100 ppb of 3-IAA, 3-IAA-Asp, NAA, IBA in 
order to reach a final concentration of 500 ppb and 5 ppb, respectively.  
Since it is not possible to obtain a real blank sample, because the phytohormones of 
interest are naturally present in plant, 1 mL of 80% methanol- 0.1% formic acid was used 
as blank procedure, and it was subjected to the same procedure carried out on the sample. 
Figure 3.10 (A) and (B) shows representative absorbance at 273 nm and fluorescence 
chromatograms of spiked (red) and unspiked (black) Nicotiana langsdorffii (NL-
rolC/211) extracted in  80% methanol-0.1% formic acid (λex = 280 nm; λem = 340 nm).   
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(A) 
 
(B) 
 
 
Figure 3.10 Absorbance at 273 nm (A) and fluorescence chromatograms (B) of spiked (red) and 
unspiked (black) Nicotiana langsdorffii (NL-rolC/211) extracted in  80% methanol-0.1% 
formic acid (λex = 280 nm; λem = 340 nm).  Chromatographic conditions: ZORBAX Eclipse Plus 
C18 (4.6 mmx100 mm, 3.5 μm, Agilent), gradient elution with Method 1. 
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Comparing the chromatograms of the plant extract (Figure 3.10 black line) spiked and 
not spiked we did not observe any significant signal increase.  
This may be due to the heavy matrix effect that suppress analytes signal.  
In the attempt to control and reduce this matrix effect we performed the extraction in 50 
mM sodium carbonate, instead of organic solvent, followed by liquid-liquid extraction 
and HLB purification. 
ii) One mL of 50 mM sodium carbonate was added to 25 mg of lyophilized leaves of the 
same sample (Nicotiana langsdorffii (NL-rolC/211)), and the suspension was vortexed for 
30 min at 0 °C. The sample was magnetic stirring  for 30 min at 4 °C 20,913 x g rpm. The 
surnatant was extracted three times with 1 mL of ethylacetate and evaporated under 
nitrogen gas in order to remove residual ethyl acetate.  
The samples were acidified spiking the aqueous phase with 100 μL of 75% methanol - 
5% formic acid, and the sample was loaded onto the HLB cartridge previously 
conditioned with 1 mL of methanol and 1 mL of water. After washing with 1 mL of 5% 
methanol, the phytohormones were extracted with 1 mL acetone. The fraction eluted was 
evaporated to dryness under nitrogen stream and the residue was redissolved in 1 mL of 
20% methanol - 0.1% formic acid (initial chromatographic solvent). 
The extract was filtered with a 20μm UniPrep filter and divided into two aliquots. One 
aliquot was analysed as is; the other aliquot was spiked with a suitable volume of 10 ppm 
SA, BA, ABA, BAP and 100 ppb of 3-IAA, 3-IAA-Asp, NAA, IBA in order to reach a 
final concentration of 500 ppb and 5 ppb, respectively.  
The same procedure was carried out on a blank consisting of 50 mM sodium carbonate. 
Figure 3.11 (A), (B) and (C) shows representative absorbance at 243 and 273 nm and 
fluorescence chromatograms, respectively, of spiked (red) and unspiked (black) Nicotiana 
langsdorffii (NL-rolC/211) extracted in  50 mM sodium carbonate (λex = 280 nm;          
λem = 340 nm).   
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(C) 
 
 
Figure 3.11 Representative absorbance at 243 (A) and 273 nm (B) and fluorescence 
chromatograms (C), of spiked (red) and unspiked (black) Nicotiana langsdorffii (NL-
rolC/211) extracted in 50 mM sodium carbonate (λex = 280 nm; λem = 340 nm).. 
Chromatographic conditions: ZORBAX Eclipse Plus C18 (4.6 mm x 100 mm, 3.5 μm, Agilent), 
gradient elution with HPLC-Method 1. 
 
Using this procedure in the chromatograms of the spiked sample the peak of SA at 16.25 
min, BA at 16.65 min, BAP at 14.96 min, ABA at 18.60 min, 3-IAA-Asp at 13.01 min, 3-
IAA at 16.03 and NAA at 20.52 min were higher than the same peaks in the unspiked 
sample. 
Thus, the extraction in 50 mM sodium carbonate, instead of organic solvent, followed by 
liquid-liquid extraction and HLB purification reduced in fact the matrix effect.  However, 
several analytes (3-IAA-Asp, 3-IAA and NAA) co-eluted and it was not possible to 
resolve them by changing the elution conditions. 
 
We attempted to improve the chromatographic separation and to increase the sensitivity 
by changing the pH of the mobile phase, moving from an acid to a neutral elution (HPLC- 
method 2).  The acid elution conditions were, indeed, selected because traditionally 
employed in the literature works
[89, 149, 150]
.  Another advantage of neutral elution would 
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have been the higher fluorescence signal of phytohormones at acid pHs (Figure 3.2). 
However, no improvement was obtained (data not shown for brevity). 
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Chapter 4 - Characterization and applications of 
MIPs/NIP to the purification of 3-IAA in plant 
extracts 
 
In this part of the thesis we applied the newly synthesised polymers (MIP-1, MIP-2, MIP-
3, NIP-3) described in the experimental part to the purification of 3-IAA in plant extracts.  
The NIP allowed us to evaluate the aspecific binding interactions, which are very 
common when we use the MIP synthesized in a non-covalent imprinted mode
[29]
.   
The MIP-1, MIP-2, MIP-3 and NIP-3 were employed for rebinding and releasing tests 
with 3-IAA standard solutions.  MIP-1, MIP-3 and NIP-3 were also applied to the 
purification of 3-IAA in plant extracts.  The real sample treated with MIP-3 and NIP-3 
were treated, as comparison, with commercial C18 and HLB cartridges for the 
purification of 3-IAA and its determination by HPLC-DAD/FD. 
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4.1 Characterization of the polymers 
 
4.1.1 FTIR spectroscopic characterization 
 
Figure 4.1 shows ATR FTIR spectra of MIP-1 ad MIP-2 (A) and MIP-3 and NIP-3 (B). 
 
 
(A) 
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(B) 
 
Figure 4.1 ATR FTIR spectra of MIP-1 ad MIP-2 (A) and MIP-3 and NIP-3 (B) in the 4000-400 
cm
-1
 region. 
 
The spectra are very similar, with characteristic and most intensive bands around 1722 
cm
-1
 and 1141 cm
-1
, assigned to C=  and C    stretching vibrations, respectively. The 
band at 1599 cm
-1 
is typical of pyridine ring stretching mode and it corresponds to the 
stretching vibration absorption of  C   [141, 142].  The spectra indicate that neither the 
presence of the template, or the different solvent used for the synthesis of the polymers 
affects the chemical composition of the synthesized polymers. These results are in 
agreement with the literature data 
[141, 142]
.  
No bands relative to IAA absorptions were observed in the spectrum of the MIPs because 
of the large excess of the cross-linker and the functional monomer with respect to the 
templating agent. 
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4.1.2 Thermogravimetric characterization 
 
Figure 4.2 shows the representative thermogravimetric profiles in air and nitrogen of 
MIP-3. 
 
 
Figure 4.2 Thermogravimetric profile of MIP-3 in air (black line) and in nitrogen (red line) 
 
The thermogravimetric profile of MIP-3 in air shows two weight losses.  The first weight 
loss at 100 °C (by about 5%) was assigned to the elimination of water or solvent.  The 
weight of MIP-3 declined sharply between 289 °C (onset temperature) and 390 °C, which 
corresponds to the decomposition of polymers. The weight continues to decrease slowly 
from 400 °C to 550 °C and then remained constant up to 700 °C. The amount of the final 
residue corresponds to 0.5% of the initial weight.   
Regarding the thermogravimetric profile of MIP-3 in nitrogen (red line in Figure 4.2), we 
observed a weight loss of less than 5% at 100 °C, assigned to the elimination of water or 
solvent, and a fast weight loss between 313 and 490 °C corresponding to the 
decomposition of polymers. The amount of the final residue corresponds to 3.3% of the 
initial weight.  
The profiles thermogravimetric in air and nitrogen of MIP-1, MIP-2 and NIP-3 have a 
similar trend to that reported in Figure 4.2 (data not shown for brevity).  
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4.2 Template removal from MIPs  
 
The template removal is a critical step in the preparation of MIP. The affinity of the 
binding sites for the template, the insufficient solubility of the template in the removal 
solvent, and the crosslinked structure of the network make the removal a difficult   
task
[151, 152]
. 
If the template molecules are not fully removed, less cavities will be available for the 
rebinding, decreasing the efficiency. Moreover, if template bleeding occurs during the 
analytical applications, the analytical determination will be affected by errors.  
For the complete removal of the template it was necessary to wash the MIPs several times 
with methanol in batch, Kumagawa extraction with methanol for 16 hours as described in 
the Experimental section (see paragraph 2.3.1) until the disappearance of the signal of 3-
IAA. 
Figure 4.3 shows a representative trend of the 3-IAA concentration in the washing 
solutions (methanol) performed after Kumagawa extraction of MIP-3. 
 
 
Figure 4.3 Representative trend of the 3-IAA concentration in the washing solutions (methanol) 
performed after Kumagawa extraction of MIP-3 (30 mg MIP-3; 1 mL washing volume). 
Chromatographic conditions: ZORBAX Eclipse Plus C18 (4.6 mm x 100 mm, 3.5 μm, Agilent), 
isocratic elution with HPLC-method 3. 
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The removal of the template from MIPs was very difficult.  Our data showed that the 
“asymptotic” value of the curve reported in Figure 4.3 is about 2-3 ppb 3-IAA.  This 
could be a constrain to the analytical application of these products because it represents a 
“blank” value that affects the L D of the procedure.  In real plant samples, in fact, the 
concentration of 3-IAA ranges between 0.1 and 50 ng/g (fresh weight)
[153]
.  
The employment of ultrasound bath during the washing in methanol, as reported in the 
literature
[142]
, did not give any improvements.  
 
4.3 Batch rebinding and release experiments of 3-IAA with 
MIPs/NIP 
 
The literature reports that the maximum efficiency of the MIP rebinding experiments is 
obtained when the solvent used is the same employed during the polymerization. In this 
way the solvation conditions are similar to those present during the synthesis
[154]
.  We 
followed this direction for the MIP-1 and MIP-2 rebinding tests.  However, for the MIP-3 
and NIP-3 rebinding tests we choose 10% methanol because 3-IAA is slightly soluble in 
water (1.5 g/l at 20 °C)
[145]
.  Thus, this solvent composition should favour the interaction 
of 3- IAA with the polymer.  
Methanol was selected as releasing solvent because of the high solubility of 3-IAA in 
methanol. 
Table 4.1 summarizes the operating conditions employed for rebinding/release tests of 1 
mL 20 ppb 3-IAA solution on the polymers synthesized.   
MIPs/NIP were always conditioned before their use with the same solvent employed for 
the rebinding.  In all the experiments 30 mg MIP (or NIP)/3-IAA mixtures were vortexed 
for 5 min, centrifuged for 10 min at 20,913 x g rpm, 20 °C, and the surnatant was filtered 
with UniPrep 0.25 μm and injected in the HPLC-DAD/FD system (HPLC-method 3).   
The release was evaluated by treating the loaded polymer with 1 mL 100% methanol, 
vortexed for 5 min, centrifuged for 10 min at 20,913 x g rpm, 20 °C.  The surnatant was 
filtered with UniPrep 0.25 μm and evaporated under nitrogen flow (in order to decrease 
the methanol concentration), spiked with water to restore the initial volume and injected 
in the HPLC-DAD/FD system (HPLC-method 3).   
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A blank was also obtained by treating 30 mg of conditioned MIPs with acetonitrile or 
10% methanol-90%water.  The analysis of the blank allowed us to detect the eventual 
release of 3- IAA bound to the polymer, not removed by the washing steps.   The blank 
values were subtracted in the calculations of release percentages. 
 
Table 4.1  Summary of the operating conditions employed for rebinding/release tests of 1 mL 20 
ppb 3-IAA solution on the polymers synthesized. 
 
Polymer Rebinding conditions Release conditions 
MIP-1 1 mL 100% Acetonitrile 1 mL 100% methanol 
MIP-2 1 mL 100% Acetonitrile 1 mL 100% methanol 
MIP-3 1 mL 10% methanol-90% water 1 mL 100% methanol 
NIP-3 1 mL 10% methanol-90% water 1 mL 100% methanol 
 
For the determination of 3-IAA by HPLC-DAD/FD method calibration curves were 
performed in acetonitrile and (HPLC-method 3) using standard solutions of 3-IAA in 
acetonitrile or 50% methanol. Table 4.2 show the fitting parameter of the calibration 
curves.  
 
Table 4.2 Fitting parameter of the calibration curves of 3-IAA in acetonitrile and 50% methanol 
determinated by method 3. 
 
Medium Concentration range (ppb) Slope ±standard deviation R2 
Acetonitrile  5.00-65.00  1.63·10
4
 ± 200 0.99 
50% methanol 5.00-40.00  3.04·10
4
 ± 200 1.00 
 
The amount of 3-IAA bound to the polymer was calculated on the basis of the HPLC 
peak area of 3-IAA and of the calibration curves.  The percentage of 3-IAA bound was 
calculated with respect to the 3-IAA analytical concentration (20 ppb).  Table 4.3 
summarizes the percentage values relative to the amount of 3-IAA bound and 3-IAA 
released in the various tests. 
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Table 4.3 Percentage values relative to the amount of 3-IAA bound to the polymer and the 
amount released. The values are expressed as average value ± confidence interval (n=3, LF 95%). 
 
 
 
 
* 3 sequential releasing steps 
** 10 min ultrasounds treatment during the releasing test 
 
The results presented in Table 4.3 show that only 51 ± 3% 3-IAA was retained by MIP-1.  
This may be due to (i) the presence of a dynamic equilibrium between 3-IAA bound to 
the polymer and free 3-IAA, e.g. due to weak interactions between 3-IAA and the 
polymer and/or due to its high solubility in acetonitrile; (ii) the presence of few cavities 
available for the binding; (iii) the saturation of the binding sites.  
In MIP-1 methanol released 85 ± 2% of 3-IAA bound to the polymer.  
 
Effect of the incubation time between 3-IAA and MIP-1 on the rebinding test.  In order to 
study the effect of the incubation time between 3-IAA and MIP-1 on the rebinding test we 
performed the rebinding test on different aliquots of MIP-1 (30 mg) incubating 3-IAA 
and MIP-1 for 5 min or 5 h.  This test was performed on MIP-1 to better observe an 
eventual increase of the binding performances. 
The results showed that the amount of 3-IAA bound did not change and it was 50 ± 3% 
(n=3, LF 95%). 
 
Effect of the polymer amount in the rebinding test between 3-IAA and MIP-1.  In order to 
investigate if the eventual saturation of binding cavities occur in MIP-1 rebinding test, 
two different amounts of  MIP-1 (30 and 60 mg) were used.   
The results showed that the percentage of 3-IAA linked to the polymer did not change 
and it was 51 ± 3% (n=3, LF 95%). 
Polymer 3-IAA bound 3-IAA released 
MIP-1 51 ± 3 85 ± 2 
MIP-2 
51 ± 2 
 
52 ± 2 
58 ± 3 
88% ± 3 * 
60 ± 1 ** 
MIP-3 95 ± 4 70 ± 3 
NIP-3 93 ± 3 72 ± 2 
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In MIP-2 the percentage of 3-IAA bound was approximately the same of MIP-1.  
However, the release was lower (58 ± 3%) and only after two other steps the release was 
able to remove 88 ± 3% of 3-IAA bound.   
In literature is often reported that to facilitate the detachment of the template from the 
polymer, the release is conducted in the presence of ultrasound
[155, 156]
.  Thus, it was made 
with MIP-2 a release test using 10 min ultrasonic bath.  However, this did not increase the 
amount of 3-IAA released.  
 
MIP-3 bound a higher percentage of 3-IAA (95 ± 4%).  Seventy ± 3% of 3-IAA bound to 
MIP-3 was released by methanol. Surprisingly, NIP-3 had performances not significantly 
different from MIP-3.  
The aqueous phase employed for the rebinding tests of MIP-3 (10% methanol, 90% 
water) should, basically, interfere with the hydrogen bond interactions between 3-IAA 
and eventual cavities.  Thus, it is likey to hypothesize that no/few cavities are present in 
MIP-3. 
Despite this, the binding properties of MIP-3/NIP-3 were surprisingly higher than those 
observed with MIP-1 and MIP-2.  Thus, the first result is that in the case of MIP-3 and 
NIP-3 the interaction of 3-IAA with polymers does not occur specifically in cavities, but 
non-specific hydrophobic interactions are, likely, the dominant driving force of the 
interaction between 3-IAA and MIP-3/NIP-3.  
In order to show that in this case the hydrophobic interactions are the dominant driving 
force, considering that acetonitrile does not favour the π-π stacking between 3-IAA and 
the functional monomer
[157]
, we performed a rebinding test on MIP-3 and NIP-3 in 
acetonitrile, following the same procedure described above with the release in methanol. 
We found that for both polymers only 10% 3-IAA was retained.  Thus, we can definitely 
conclude that the interactions between 3-IAA and MIP-3/NIP-3 are due to hydrophobic/ 
π-π interactions. 
It has to be underlined that, despite the rebinding tests on MIP-1 and MIP-2 have been 
performed in acetonitrile, they are able to bind about 50% 3-IAA.  This result suggests 
the presence of cavities in MIP-1 and MIP-2, not formed, instead, in MIP-3. 
In the cavities, indeed, the interaction is basically due to hydrogen bonds (Figure 4.4) and 
acetonitrile, which is aprotic, does not interfere with these interactions. 
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Figure 4.4 Schematics of the synthesis of MIP in acetonitrile and graphical representation of the 
hydrogen bonds between 4-vinylpiridine and the template 3-IAA in  the specific cavity. 
 
Figure 4.5 shows representative fluorescence chromatograms of the solution after the 
binding test of 20 ppb standard solution of 3-IAA in 10% methanol on MIP-3 (A) and 
NIP-3 (B) (as example), compared with the chromatogram of the 20 ppb 3-IAA standard 
solution (as reference) and the methanol solution used for 3-IAA release.  
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(A) 
 
(B) 
 
 
Figure 4.5 Representative fluorescence chromatograms relative to the solution after the binding 
test of 20 ppb standard solution of 3-IAA in 10% methanol on MIP-3 (A) and NIP-3 (B) (as 
example; red curve), compared with the chromatogram of the 20 ppb 3-IAA standard solution (as 
reference; black curve) and the methanol solution used for 3-IAA release (blue curve) (λex = 280 
nm; λem = 340 nm). Chromatographic conditions: ZORBAX Eclipse Plus C18 (4.6 mm x 100 mm, 
3.5 μm, Agilent), isocratic elution with HPLC-method 3. 
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Figure 4.5 shows also that in the case of MIP-3 other peaks are present in addition to 3-
IAA.  These peaks are not present in the test performed with NIP-3. 
As the synthesis of the NIP-3 has been performed without 3-IAA, it can be hypothesized 
that these chromatographic peaks are due the release of degradation products of 3-IAA 
from the polymer matrix. 
 
Before applying polymers to real samples we evaluated also the selectivity of MIP-1, 
MIP-3 and NIP-3 with respect to several other phytohormones. 
 
4.4 Evaluation of selectivity in MIP-1, MIP-3 and NIP-3 
 
The selectivity of MIP-1, MIP-3 and NIP-3 was evaluated treating 30 mg of conditioned 
polymers with 1 mL of standard solutions containing 1 ppm of SA, ABA, catechin and 20 
ppb of IAA, IBA, NAA in acetonitrile (MIP-1) and 10% methanol-90%water (MIP-3 and 
NIP-3) with same procedure previously described. 
Table 4.4 shows the percentage values relative to the amount of analytes bound and 
released.  The table shows only the results for MIP-1 and NIP-3 because the blank value 
of MIP-3 did not allow us reliable calculations. 
 
Table 4.4 Percentage values relative to the amount of SA, ABA, catechin , IAA, IBA, NAA 
bound to the MIP-1 and the amount released.                                                                                
The values are expressed as  average value ± confidence interval (n=3, LF 95%). 
 
Analytes Bound (%) Release (%) Bound (%) Release (%) 
 MIP-1 MIP-1 NIP-3 NIP-3 
Catechin 70 ± 3 22 ± 2 74 ± 3 100 ± 2 
3-IAA 50 ± 2 83 ± 3 87 ± 2 86 ± 1 
IBA 52 ± 4 20 ± 3 100 ± 2 85 ± 3 
NAA 50 ± 2 22 ± 2 93 ± 1 71 ± 3 
SA 50 ± 3 29 ± 2 76 ± 3 67 ± 2 
ABA 43 ± 2 29 ± 3 48 ± 1 85 ± 3 
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The results of Table 4.4 show that the polymers are able to bind also other analytes that 
have structures similar or different from that of the template molecule (3-IAA). This 
means that the polymers synthesized do not retain selectively the molecule template.  
ABA is less retained by NIP-3 and it may be due to the fact that ABA does not present an 
aromatic structure and therefore it can not bind to the polymer through π-π stacking 
interactions. 
The results suggest that in the case of MIP-1 the binding of 3-IAA occurs into the cavities 
through hydrogen bonds.  Methanol is able, indeed, to remove the 3-IAA bond efficiently 
(release >80%). 
The other phytohormones are likely bond through the only hydrophobic interactions with 
the hydrophobic part of polymeric matrix.  Acetonitrile prevents the π-π stacking 
interactions
[157]
. Their release using methanol is not effective (release < 30%) likely 
because of methanol polarity. 
NIP-3 binds higher percentages of phytohormones.  This can be due to the fact that their 
binding occurs both by hydrophobic interactions and by π-π stacking interactions because 
no acetonitrile is present.   In this case the release in methanol is very high (> 70%) likely 
because the polymer matrix is different, being the synthesis solvent a fundamental role in 
the polymer structure. Non-specific interactions are, in fact, very common with MIPs 
synthesized in a non-covalent imprinted mode 
[29]
.  The excess of functional monomer, 
used in the synthesis to move the equilibrium toward the formation of products and to 
maximize the yield, is responsible for the non-specific binding of MIPs because
 
it may 
adsorb out of the cavities 
[29]
.  On the other hand, due to the weakness of the interactions 
involved, the polymer will be characterised by a heterogeneous population of binding 
sites with a wide range of affinity constants
[29]
; thereby, noncovalent MIP usually 
recognise not only the template molecule, but also other structurally related compounds. 
This cross-reactivity can be especially useful, for example, when a family of compounds 
has to be targeted
[158, 159]
. 
 
On the basis of these results we can conclude that NIP-3 is suitable for the purification of 
SA, ABA, catechin, 3-IAA, IBA, NAA in plant extracts.   
In the following section we present the application of MIP-1, MIP-3 and NIP-3 for the 
purification and determination of 3-IAA in real samples.  The application of and 
commercial SPE HLB and C18 cartridges was also performed in real samples as 
comparison. 
 
80 
Chapter 4 - Characterization and applications of MIPs/NIP to the purification of 3-IAA in 
plant extracts 
4.5 Application of MIP-1, MIP-3, NIP-3 to purification of        
3-IAA in plant exctracts 
 
Genetically engineered plant sample extracts (Nicotiana Langsdorfii, NL-rolC/8) were 
employed for the purification of 3-IAA with MIP-1.  3-IAA was tested on MIP-1 because 
it has cavities for 3-IAA and the aspecific binding and release of the other phytohormones 
are not significant (<20%).  One mL acetonitrile was added to three 25 mg aliquots of the 
lyophylized sample.  Spikes of 10 ppb and 20 ppb 3-IAA were added in two aliquots for 
internal calibration.  The extraction was made by magnetic stirring at 0 °C for 30 min. 
After the centrifugation at 20,913 x g rpm, 4 °C for 30 min, the surnatant was added to 30 
mg MIP-1 previously conditioned and treated as described previously (see paragraph 
2.5).  
The purified exctract was analyzed by HPLC system (HPLC-Method 4). A blank was also 
performed, which  allowed us to exclude the releases of residual 3-IAA bound to the 
polymer during the synthesis and not removed by washing steps. 
Figure 4.6 shows the fluorescence chromatogram at 340 nm of plant sample extracts 
Nicotiana Langsdorfii (NL-rolC/8) not spiked (black curve) and spiked (red curve) with 
20 ppb 3-IAA (λex = 280 nm). 
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Figure 4.6 Fluorescence chromatogram at 340 nm of plant sample extracts NL-rolC/8 not spiked 
(black line) and spiked (red line) with 20 ppb 3-IAA (λex = 280 nm) treated with MIP-1. 
Chromatographic conditions: Z RBAX Eclipse Plus C18 (4.6 mm x 100 mm, 3.5 μm, Agilent), 
gradient elution with HPLC method 4. 
 
Figure 4.6 shows the increase of the peak at 5.84 min of 3-IAA in the spiked sample.     
3-IAA does not coelute with any other compound. 
This result shows that the treatment of the sample with MIP-1, despite the complex 
matrix, allows the purification of  3-IAA. 
For performing the external calibration curve using the purification with MIP-1 standard 
solutions of 3-IAA in acetonitrile were added about 30 mg of conditioned polymer and 
treated following the procedure previously described (see paragraph 4.3).  
Table 4.6 summarizes the fitting parameters of the external and internal calibration curves 
obtained using MIP-1.  
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Table 4.6 fitting parameters of the external and internal calibration curves obtained using MIP-1 
determinated by method 3. 
 
Polymer Concentration range (ppb) Slope ±standard deviation R
2 
MIP-1 (internal) 2-20.00 6.69·10
3 
± 100 0.99 
MIP-1 (external) 2-20.00 1.59·10
4 
± 50 1.00 
 
The matrix effect was evaluated by the ratio of the slopes of the internal and external 
calibration curve performed using MIP-1.  The recovery was 42  5%. 
The LOD was calculated as 3 times the standard deviation of the blank; the LOQ was 
calculated as 10 times the deviation standard of the blank.  The LOD was 0.65 ± 0.07 ppb 
3-IAA; the LOQ was 2.89 ± 0.08 ppb 3-IAA (n=3, LF 95%). 
The determination of 3-IAA in the plant sample analyzed using the MIP-1 internal 
calibration was 6.24 ± 0.04 ppb (n=3, LF 95%).   
 
Extracts from lemon leaves infected or not with Pseudomonas syringae were employed 
for the purification of 3-IAA using MIP-3 (only lemon leaves infected) and NIP-3.  
These samples have been provided by DISPAA of the University of Florence in the 
framework of the Life+ ENV/IT/336-After Cu project.  This project is aimed to the 
replacement of copper treatments in plants with anti-infective environmental friendly 
molecules against plant pathogenic bacteria. 
It is known that the 3-IAA production by plant-associated bacteria has been an important 
aspect of research on 3-IAA metabolism. It is estimated that as much as 80% of all soil 
bacteria have the capacity to produce 3-IAA, yet this function is generally not essential. 
3-IAA producing bacteria can be either phytopathogenic or beneficial to plant growth.  
Thus, the role of 3-IAA production by the microbe it is not completely clear
[160]
.  
One mL 80% methanol was added to 25 mg aliquots of the lyophylized lemon leave 
samples.  A series of spiked samples with 3-IAA was performed for the internal 
calibration.   
The extraction was made by magnetic stirring at 0 °C for 30 min. After the centrifugation 
at 20,913 x g rpm, 4 °C for 30 min, the surnatant was added to 30 mg MIP-3 or NIP-3 
previously conditioned and treated as described previously (see paragraph 2.6).  
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The purified exctract was analyzed by HPLC system (HPLC-Method 4). A blank was also 
performed, which allowed us to exclude the releases of residual 3-IAA bound to the 
polymer (MIP-3) or impurities (NIP-3) during the synthesis and not removed by washing 
steps. 
Figure 4.7 shows a representative fluorescence chromatogram at 340 nm of infected 
lemon leave extracts not spiked (black line) and spiked (red line) with 20 ppb 3-IAA    
(λex = 280 nm) treated with NIP-3. 
Figure 4.7 shows the increase of the at peak 6.06 min of 3-IAA in the spiked sample.   
This result shows that the treatment of the sample with NIP-3, despite the complex 
matrix, allows the purification of  3-IAA.  Analogous results were obtained for MIP-3 
(data not shown for brevity).  However, in MIP-3 a contribution of blank, due to the 
release of template 3-IAA not removed by washing steps, has to be subtracted from the 
analytical signal. 
 
 
 
Figure 4.7 Fluorescence chromatogram at 340 nm of infected lemon leave extracts not spiked 
(black curve) and spiked (red curve) with 20 ppb 3-IAA (λex = 280 nm) treated with NIP-3. 
Chromatographic conditions: Z RBAX Eclipse Plus C18 (4.6 mm x 100 mm, 3.5 μm, Agilent), 
gradient elution with HPLC-Method 4. 
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Both for performing the external calibration curve using the purification with MIP-3 and 
NIP-3, standard solutions of 3-IAA in 10% methanol were added about 30 mg of 
conditioned polymer and treated following the procedure previously described (see 
paragraph 4.3).  
Both for performing the internal calibration curve using the purification with MIP-3 and 
NIP-3, standard solutions of 3-IAA in 10% methanol were added to several aliquots of 25 
mg of plant sample and treated following the procedure previously described (see 
paragraph 2.6). 
Table 4.7 summarizes the fitting parameters of the external and internal calibration curves 
obtained using MIP-3 for the purification of infected lemon leave sample and NIP-3 for 
the purification of infected or not lemon leave samples.  
 
Table 4.7 fitting parameters of the external and internal calibration curves obtained using the 
purification of lemon leave infected or not with Pseudomonas syringae with MIP-3 and NIP-3 
(determination method HPLC-Method 3). 
 
Polymer 
Concentration 
range (ppb) 
Slope ±standard 
deviation 
R
2 
MIP-3 (internal infected ) 2.00-20.00  8.3·10
3
 ± 200 0.99 
MIP-3 (external) 2.00-20.00  1.7·10
4
 ± 90 1.00 
NIP-3 (internal infected) 2.00-40.00  8.6·10
3
 ± 200 0.99 
NIP-3 (internal not infected) 2.00-20.00  8.8·10
3
 ± 100 0.99 
NIP-3 (external) 2.00-40.00  1.5·10
4
 ± 90 0.99 
 
The matrix effect was evaluated by the ratio of the slopes of the internal and external 
calibration curve performed using MIP-3 or NIP-3.  The recovery was 49  5% for MIP-3 
and 58  5% for NIP-3. 
Figure 4.8 shows, as example, the internal and external NIP-3 calibration curve. 
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Figure 4.8 shows the internal (blue points) and external (red points) NIP-3 calibration curves 
(n=3, LF 95%). 
 
For NIP-3, the LOD was 0.50 ± 0.08 ppb 3-IAA and the LOQ was 2.64 ± 0.09 ppb 3-IAA 
(n=3, LF 95%). For MIP-3 the LOD was 0.80 ± 0.10 ppb 3-IAA and the LOQ was 3.44 ± 
0.08 ppb 3-IAA (n=3, LF 95%). 
The quantitation of 3-IAA in lemon leave extracts, infected or not with bacteria, using the 
purification on MIP-3 and NIP-3 was performed using the internal calibration curve.  We 
found that the concentrations of 3-IAA was 7.73 ± 0.08 ppb (n=3, LF 95%) in not 
infected lemon leave sample (using purification on NIP-3). In infected lemon leave 
sample we found 38.59 ± 0.10 ppb using the purification on MIP-3 and 40.12 ± 0.09 ppb 
(n=3, LF 95%) using the purification on NIP-3.   
In the infected lemon leave sample the amount of 3-IAA is greater than that in the lemon 
leave not infected. This is in agreement with the literature data.  The increase of 3-IAA in 
infected plants may be due to the increased plant metabolism of 3-IAA due to the 
infection and/or to the contribution of 3-IAA produced by bacteria
[160]
. 
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Use of commercial C18 and HLB cartridges for the purification of 3-IAA in lemon leave 
plant extracts: comparison with NIP-3 
 
The infected lemon leave plant extracts employed for the experiments reported above 
with MIP-3 and NIP-3 were also treated with commercial C18 and HLB cartridges for the 
purification of 3-IAA and its determination by HPLC-DAD/FD. 
Figure 4.9 shows representative fluorescence chromatograms at 340 nm (λex = 280 nm) of 
leave plant extracts were treated with HLB cartridges, spiked or not with 10 ppb 3-IAA. 
 
 
 
Figure 4.9 Fluorescence chromatogram at 340 nm of infected lemon leave extracts not spiked 
(black line) and spiked (red line) with 20 ppb 3-IAA (λex = 280 nm) treated with HLB cartridges. 
Chromatographic conditions: ZORBAX Eclipse Plus C18 (4.6 mm x 100 mm, 3.5 μm, Agilent), 
gradient elution with HPLC- method 4. 
 
The results show that these purification methods of 3-IAA are worse than that performed 
with NIP-3.  First, we had to dilute 10 times the samples before their injection in the 
HPLC system because the fluorimetric detector was saturated.  The resulting 
chromatograms did not evidence significant difference among spiked or not spiked 
samples.  Moreover, other compounds are extracted, which coelute with 3-IAA. 
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In conclusion, NIP-3 was more effective for the purification of 3-IAA in raw samples 
than commercial C18 and HLB cartridges. 
In perspective, the polymeric matrix NIP-3 developed in this work could be applied as a 
reverse phase with hydrophobic/hydrophilic characteristics. 
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Conclusions 
 
In this work we focused on the development of analytical methodologies for the 
purification and determination of 3-IAA with relative low cost, often available 
instrumentation, like HPLC with DAD/FD detection. 
In the first phase of this study, we attempted to develop and optimize purification 
methods, using traditional treatments like SPE (hydrophobic C18, 
hydrophobic/hydrophilic HLB), DOWEX-50WX8 ion-exchange resin and liquid-liquid 
extraction, for the simultaneous determination of 3-IAA and several other phytohormones 
(3-IAA-Asp, IBA, BAP, ABA, SA, BA, NAA) by HPLC-DAD/FD.  The extraction of 
phytohormones from lyophylized plant samples using 50 mM sodium carbonate and a 
further purification by liquid-liquid extraction in ethyl acetate followed by the treatment 
with SPE HLB cartridges was acceptable.  However, it was time consuming and several 
phytohormones (3-IAA-Asp, 3-IAA and NAA) co-eluted and it was not possible to 
resolve them by changing the elution conditions.  
For this reason in the second part of this work, we focused on the synthesis of 
molecularly imprinted polymers (MIPs), using different operating conditions and solvents 
for the specific purification of 3-IAA.  In particular, three preparations were performed in 
three different operating conditions (acetonitrile without [MIP-1] or with 
prepolimerization mixture [MIP-2] and methanol [MIP-3 and NIP-3]) in order to attempt 
to optimize the number of specific binding cavities, by improving the interaction between 
the functional monomer and the template.  In the case of the synthesis in methanol (MIP-
3) this was performed also in the absence of the template in order to obtain a non-
imprinted polymer (NIP-3).  The NIP allowed us to evaluate the aspecific binding 
interactions, which are very common when we use the MIP synthesized in a non-covalent 
imprinted mode
[29]
.   
MIP-1 and MIP-2 synthesized in acetonitrile, without and with the prepolymerization 
mixtures, respectively, were both able to rebind 51 ± 3% 3-IAA. This binding percentage 
may be due to (i) the presence of a dynamic equilibrium between 3-IAA bound to the 
polymer and free 3-IAA, e.g. due to its high solubility in acetonitrile; (ii) the presence of 
few cavities available for the binding. The release in methanol was more than 80% for 
MIP-1 and only about 58% for MIP-2. 
 
90 Conclusions 
The MIP-1 was applied to the purification of 3-IAA in plant samples.  The internal 
calibration was linear in the investigated range 2.00-20.00 ng/g (R
2
 = 0.99), the LOD for 
3-IAA was 0.65 ± 0.07 ng/g and the LOQ was 2.89 ± 0.08 ng/g (n=3, LF=95%).  
In the specific sample analysed we found 6.24 ± 0.04 ng/g (n=3, LF=95%) of 3-IAA. 
 
With the synthesis in methanol (MIP-3/NIP-3), we obtained a polymer (MIP-3) that was 
able to rebind 95 ± 4% 3-IAA.  However, NIP-3 had the same performances (93 ± 3% 
rebinding of 3-IAA) and the release in methanol was more than 70% for both of them. 
This result indicates that no/few specific cavities were present in MIP-3. However, the 
binding properties of MIP-3/NIP-3 were surprisingly higher than those observed with 
MIP-1 and MIP-2.  Thus, the first result is that in the case of MIP-3 and NIP-3 the 
interaction of 3-IAA with polymers does not occur specifically in cavities, but non-
specific hydrophobic interactions (in particular π-π interactions) are, likely, the dominant 
driving force of the interaction between 3-IAA and MIP-3/NIP-3.  
The rebinding tests of 3-IAA on MIP-3/NIP-3 performed in acetonitrile gave that only 
10% 3-IAA was retained, against 50% found on MIP-1 and MIP-2.  Thus, we can 
definitely conclude that the interactions between 3-IAA and MIP-3/NIP-3 are due to 
hydrophobic/ π-π interactions (prevented by acetonitrile), while MIP-1 and MIP-2 have, 
likely, specific cavities for 3-IAA.  In the cavities, indeed, the interaction is basically due 
to hydrogen bonds and acetonitrile, which is aprotic, does not interfere with these 
interactions.   
Other phytohormones (catechin, IBA, NAA, SA and ABA) were used for the evaluation 
of selectivity in MIP-1 and NIP-3.  MIP-1 was more selective because less than 30% was 
aspecifically bond. NIP-3 bound more than 70% of catechin, IBA, NAA and SA 
suggesting that they are likely bond through the hydrophobic interactions with the 
hydrophobic part of polymeric matrix.   
On the basis of these results we can conclude that NIP-3 is suitable for the purification of 
3-IAA, SA, ABA, catechin, IBA, NAA in plant extracts.   
 
The MIP-3 and NIP-3 were applied to the purification of 3-IAA in plant samples. The 
internal calibration curves were linear in the investigated range 2.00-20.00 ng/g (R
2
 = 
0.99) and the LOD for 3-IAA was 0.80 ± 0.10 ng/g (MIP-3) and 0.50 ± 0.08 ng/g (NIP-
3).  LOD for NIP-3 was better because of the absence of the blank signal due to the 
residual template.  
 
91 Conclusions 
The quantitation of 3-IAA in lemon leave extracts, infected or not with Pseudomonas 
syringae, using the purification on MIP-3 and NIP-3 was performed using the internal 
calibration curve.  We found that the concentrations of 3-IAA was 7.73 ± 0.08 ppb (n=3, 
LF 95%) in not infected lemon leave sample (using purification on NIP-3). In infected 
lemon leave sample we found 38.59 ± 0.10 ppb using the purification on MIP-3 and 40.12 
± 0.09 ppb (n=3, LF 95%) using the purification on NIP-3.   
In the infected lemon leave sample the amount of 3-IAA is greater than that in the lemon 
leave not infected. This is in agreement with the literature data.  The increase of 3-IAA in 
infected plants may be due to the increased plant metabolism of 3-IAA due to the 
infection and/or to the contribution of 3-IAA produced by bacteria
[160]
. 
 
Traditional purification methods (C18 and HLB Solid Phase Extraction, SPE, methods, 
combined or not with liquid-liquid extraction methods) were also applied on the same 
samples as comparison, giving worse results. 
 
In conclusion, MIP-1 resulted a selective matrix for the purification of 3-IAA in real 
samples.  NIP-3 was effective, as well, for the purification of 3-IAA in raw samples and, 
in perspective, the polymeric matrix NIP-3 developed in this work could be applied as a 
reverse phase with hydrophobic/hydrophilic characteristics for the purification of 3-IAA 
and other phytohormones. 
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